Whin Sill metamorphism in Teesdale by Robinson, Douglas
Durham E-Theses
Whin Sill metamorphism in Teesdale
Robinson, Douglas
How to cite:
Robinson, Douglas (1971) Whin Sill metamorphism in Teesdale, Durham theses, Durham University.
Available at Durham E-Theses Online: http://etheses.dur.ac.uk/9333/
Use policy
The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-proﬁt purposes provided that:
• a full bibliographic reference is made to the original source
• a link is made to the metadata record in Durham E-Theses
• the full-text is not changed in any way
The full-text must not be sold in any format or medium without the formal permission of the copyright holders.
Please consult the full Durham E-Theses policy for further details.
Academic Support Oﬃce, Durham University, University Oﬃce, Old Elvet, Durham DH1 3HP
e-mail: e-theses.admin@dur.ac.uk Tel: +44 0191 334 6107
http://etheses.dur.ac.uk
WHIN SILL METAMOEPHISM 
m TEESDALE 
by: Douglas Robinson, B.Sc. (London), 
Department of Geology,, 
Science Laboratories, 
Univers i ty of Durham. 
Submitted f o r the degree of Doctor of Philosophy 
at the Universi ty of Durham 








OBJECT OF RESEARCH 
Figure 1 .1 Geological map of north-east England. 
PREVIOUS RESEARCH 
GEOLOGICAL SETTING OF UPPER TEESDAIE 
Figure 1.2 Geological map of the Upper Teesdale area. 
Local strat igraphy • 
Figure 1.3 S i m p l i f i e d s t ra t ig raphica l succession at 
Cow Green mine. 
METHODS OF ANALISIS 
Electron micropro:t)e analysis 
Table 1.1 Standards and analysing crystals used 
i n electron microprobe analysis. 
X-ray fluorescence analysis 
Table 1.2 Detection l i m i t s and standard deviations 
of trace element determinations i n 
limestones. 












1 1 . 
CHAPTER I I 
mm. SILL AND HEAT-PLOW CALCULATIONS 
Introduct ion 











Figure 2 1 . Major element va r ia t ion i n the Whin 17. 
S i l l , w i t h distance from contact. 
Figure 2.2 Trace element va r i a t ion i n the Whin 19. 
S i l l , v/ith distance from contact. 
Conclusions 22. 
THEOKBTIGAL HEAT-FLOW CALCULATIONS 22. 
Assumptions involved and t h e i r re la t ionship to the . . 
Whin S i l l 
Nature of in t rus ion 23. 
Temperature, of the magma 23. 
Heat loss from the cooling magma 24. 
E f f e c t of latent heat 25. 
Thermal properties of rocks 25. 
Formulae used f o r computation 26. 
Figure 2.3 Theoret ica l ly calculated teinperatures 27. 
f o r Whin S i l l aureole. 
Results of calculat ions 28. 
Appendix 2 . 1 ?/hin S i l l major element analyses 
Appendix 2.2 Whin S i l l trace element determinations 
ppm 
CHAPTER I I I 
PETROLOGY OF METAMORPHOSED SEDIMENTS 
METAMORPHISM OF SHALES 29. 
X-ray d i f f r a c t i o n -studies 30. 
Var ia t ion i n polymorphism 30. 
Table 3 . 1 I d e n t i f i c a t i o n of i l l i t e polymorph. 3 1 . 
Var ia t ion i n c r y s t a l l i n i t y 32. 
Figure 3 . 1 Var ia t ion i n i l l i t e c r y s t a l l i n i t y and 33. 




METAMORPHISM OF PURE LIMESTONES 35. 
Grain-size measurements 35. 
Figure 3.2 Calci te grain-size d i s t r ibu t ions i n 37. 
saccharoidal marble. 
Processjof r e c r y s t a l l i z a t i o n 38. 
Conclusions 40. 
Plates 3 . 1 , 3.2 and 3.3 1^1. 
METAMORPHISM OF IMPURE LIMESTONES AND CALCAREOUS SHALES k2. 
Macroscopic features 42, 
Plates 3 . 4 , 3.5 and 3 .6 2 ^ . 
Petrographic descript ion 45. 
Plates 3 .7 , 3.8 and 3.9 47. 
Ca lc - s i l i ca te lenses i n marbles 48. 
Plates 3.10, 3 .11 and 3.12 50. 
Plates 3.13, 3 .14 and 3.15 52. 
Calcareous shales 53. 
Plates 3.16, 3.17 and 3.18 54.. 
SPATIAL DISTRIBUTION OP MINERALS FROM WHIN SILL CONTACT 55. 
Plates 3.19 and 3.20 56. 
?ffiIN SILL METAMORPHISM IN AREAS OUTSIDE UPPER TE^SDALE 57.. 
Figure 3.3 Spat ia l d i s t r i b u t i o n of minerals from 58. 
•Whin S i l l contact. 
COMPARISONS WITH OTHER DOLERITE INTRUSIONS 59. 
Conclusions 60. 
Appendix 3 . I Separation of c l a y - f r a c t i o n 
Appendix 3.2 X-ray d i f f r a c t i o n of separated 
c lay- f rac t ions 
Appendix 3.3 Cal ibra t ion data f o r c r y s t a l l i n i t y 
and polymorphism of i l l i t e 
IV 
Page 
CHAPTER I V 
I H O L E ROCK GEOCHEMISTRY 
ARGILLACEOUS SEDIMEIffS - MAJOR ETMMTS 62. 
Results of a l k a l i determinations 62. 
Figure 4 . 1 Var ia t ion i n Na20 and K2O concentrations 63 
i n the argillaceous sediments. 
Figure 4 .2 Var ia t ion i n Na20 and K2O concentrations 65. 
of sediments i n boreholes 43 and 44. 
Signif icance of a l k a l i determinations 66. 
Conclusions 67. 
FACTOR ANALYSIS OF MAJOR ELEMENTS 67. 
In te rpre ta t ion of factors 68. 
Table 4 . 1 Factor analysis - major elements. 69. 
Conclusions 70. 
ARGILLACEOUS SEDIMETffS - TRACE ELEMENTS 7 1 . 
Table 4 . 2 Summary s t a t i s t i c s and corre la t ion 72. 
coe f f i c i en t s - trace elements. 
FACTOR ANALYSIS OF TRACE ELSrilENTS 73. 
Table 4 .3 Factor analysis - trace elements. 74. 
In te rpre ta t ion of factors 75. 
Conclusions 76. 
LHvlESTONE GEOCHEinSTRY 77. 
Trace element analysis 77. 
Results of strontium determinations 77. 
Table 4 . 4 Strontiiim and C determinations i n 78. 
limestones from the Rookhope borehole. 
Figure 4 .3 Strontium var i a t ion i n limestones 80. 
from the Cow Green boreholes. 
Figure 4 . 4 Strontium va r i a t i on i n limestones 82. 
from the Cow Green boreholes. 
V 
Page 
Barium and Cu determinations 83, 
Conclusions 83. 
FACTOR ANALYSIS OF TRACE ELEMENTS 84. 
Table 4 .5 Factor analysis - limestones. 84. 
In te rpre ta t ion of fac tors 84. 
Conclusions 85. 
ORGANIC CARBON DETERMINATIONS 85. 
Appendix 4 . 1 Major element analyses 
Appendix 4 .2 Trace element determinations -
argillaceous sediments (ppm) 
Appendix 4.3 Trace element determinations -
limestones (ppm) 
CHAPTER V 
IVIINERALOGY OF CONTACT ROCKS 
Introduct ion 87. 
GARNETS 87. 
Plates 5 . 1 , 5.2 and 5.3 89. 
Cel l -s ize determinations 90. 
Table 5 . 1 Grossular ce l l - s i ze determinations. 90. 
Plates 5.4, 5.5 and 5.6 9 1 . 
Electron microprobe studies 92. 
Plates 5 .7 , 5.8 and 5.9 93-
Compositional zoning 94. 
Figure 5 . 1 Electron microprobe garnet analyses. 95. 
Figure 5.2 Electron microprobe garnet analyses. 96. 
Figure 5.3 Electron microprobe garnet analyses. 98. 





Plates 5.10, 5 .11 and 5-12 103. 
Electron microprobe analysis 104. 
Feldspar composition from previous work 105. 
Comparison.of feldspar compositions using op t i ca l 106. 
and electron microprobe methods 
Table 5.2 Plagioclase feldspars, op t ica l deter- 106. 
minations. 




Petrographic descript ion 110. 
Electron microprobe analysis 111 . 
Plates 5.13, 5.14 and 5.15 112. 
Conclusions 113. 
IDOCRASE 113. 
Petrographic descript ion 113. 
Electron microprobe analysis 114. 
Conclusions 114. 
CLINOPYROXENE 115. 
Electron microprobe analysis 115. 
Figure 5.5 D i s t r i bu t i on of pyroxene analyses, wi th 117. 
respect to Ca, Mg and Fe^* + Mn atoms. 
Conclusions 118. 
PREHITITE 119. 
Petrographic examination 119. 
Table 5 .4 X-ray d i f f r a c t i o n of prehnite. 120. 
Electron mlcroprobe analysis 120. 
Plates 5.16, 5.17 and 5-18 121. 
Table 5.5 Atomic proportions, on the basis of 
24(0, OH) f o r 2 prehnite crys ta ls . 
Figure 5.6 D i s t r i bu t ion of prehnite analyses wi th 





Electron microprobe analysis 
Conclusions 
DATOLITE 
Electron microprobe analysis 
HAEMATITE 
Plates 5.19 and 5.20 




Pyr i te 
Pyr rho t i t e 
Sphene 
Apati te 
Rut i le 
Appendix 5 . 1 Electron microprobe garnet analyses 
Appendix 5.2 Electron microprobe feldspar analyses 
Appendix 5.3 Electron microprobe epidote analyses 
Appendix 5 .4 Electron microprobe idocrase analyses 
























Appendix 5.6 Electron microprobe prehnite analyses 
V I I I 
Page 
Appendix 5.7 Electron microprobe ch lo r i t e analyses 
Appendix 5.8 Electron microprobe da to l i t e analyses 
Appendix 5.9 Variance and standard deviation of 
electron microprobe analyses 
CHAPTER V I 
CONCLUSIONS AND DISCUSSION 
METAMQRPHIC FAGIES 135. 
EXTENT OF METAMORPHISM 140. 
SODIUM METASOMATISM AND THE ORIGm OF THE Na 14!f. 
.SKARN FORMATION 150. 




The Whin S i l l complex i s b r i e f l y reviewed. Theoretical 
teinperatures have been calculated f o r the metamorphic aureoles 
i n the Teesdale, Rookhope and Ninebanks areas, f o r comparative 
purposes w i t h the observed metamorphism. 
The' major and trace element geochemistry of a suite of 
argillaceous and arenaceous sediments has been examined using 
R-mode f a c t o r analysis. Only one fac tor i s interpreted as a 
metamorphic fea ture . This f ac to r i s indicat ive of an increase, 
i n Na i n beds towards the contact but i s of minor volumetric 
importance accounting f o r less than IC^ of the data variance. 
The remaining factors can a l l be interpreted as sedimentary 
features. 
X-ray d i f f r a c t i o n studies of argillaceous sediments have 
shov/n an increase i n the c r y s t a l l i n i t y and a change i n the 
polymorph, f rom a IMd to a 2M var ie ty , of i l l i t e , towards the 
contact. 
Pure limestones have been recrys ta l l i zed to saccharoidal 
marbles, which are r e s t r i c t ed to the Upper Teesdale region. 
Dark-coloured limestones are not r ec rys ta l l i zed because the 
carbon present i n these sediments prevents grain-boundary move-
ment (Robinson, 1971) . 
Calcareous sediments'have been the most susceptible to the 
metamorphism and a varied c a l c - s i l i c a t e mineralogy i s developed 
up to 25 m from the Whin S i l l contact. Potassic feldspar, 
andradite, hedenbergite, prehnite and da to l i t e are recorded f o r 
the f i r s t time from the contact-rocks of the Whin S i l l aureole. 
The mineralogy developed i n the calcareous sediments i s 
ind ica t ive of two or possibly three facies and i s interpreted as 
non-equilibrium condit ions. The difference i n metamorphism 
between calcareous and non-calcareous sediments is a t t r ibuted to 
higher reaction k ine t ics i n the calcareous sediments. 
Metamorphism by the Whin S i l l i s v i r t u a l l y non-existent out-
side the Upper Teesdale region. This i s suggested to be due to a 
magma source i n t h i s area, g iv ing r ise to anomalous conditions as 
compared t o a simple in t rus ion in to cold country-rocks. 
The increase of Na i n cer tain beds wi th in 10 m of the contact 
. i s not a t t r ibu ted to metasomatic int roduct ion from the Whin S i l l . 
Instead the Na i s suggested t o have been present as NaCl i n 
hypersaline pore-waters of the sediments, at the time of the 
Whin S i l l i n t rus ion ; I t i s shown that the mineralogy developed 
i n the contact-rocks has largely been the consequence of reaction 
between i l l i t e and the NaCl pore-waters. Haematite has been 
formed by the release of Fe3+ from the i l l i t e s tructure. 
F i n a l l y i t i s shown that the unique geology of the Upper 
Teesdale area, especially the development of saccharoidal marbles, 
has been of major importance i n the sustenance of the rare a r c t i c -
alpine f l o r a f o r which the area i s b io log ica l ly renowned (Johnson, 
Robinson and Hornung, 1971). 
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OBJECT OF RESEARCH 
The present inv;estigation of the metamorphosed bedrock of 
Upper Teesdale has been a natural continuation o f the pedo-
l o g i c a l survey, undertaken by Dr, M. Hornung. The survey of 
Upper Teesdale was i n i t i a t e d i n I966 when N.E.R.C, made available 
a research grant, f o r the study of the bedrock, d r i f t and so i l s 
i n the v i c i n i t y of the celebrated b io log i ca l s i tes of the area. 
This work has been centered i n Durham under the d i rec t ion of 
Dr, G. A. L . Johnson. 
I t has been known f o r some time that a relat ionship exists 
between the Teesdale f l o r a , the rendzinas and bedrock marble, 
and i t was p a r t i c u l a r l y requested, therefore, that a special 
study be made of the saccharoidal marble, which i s res t r ic ted to 
the area. A great volume of research has been undertaken on 
the •y/hin S i l l i t s e l f , but l i t t l e a t tent ion has been paid t o the 
associated metamorphism. The aim of the present study was, 
therefore , to give a detai led, modern account of the metamorphism; 
the only previous detai led work was that of Hutchings (I898). 
The projec t was made possible when permission was kindly given 
by the Tees Valley and Cleveland Water Board, f o r access to 
and sampling from the cores of boreholes, d r i l l e d during the 
s i t e inves t iga t ion f o r the Cow Green reservoir . Th i r ty bore-
holes were available, which give unique sections through the 
contact rocks of the area. 
Figure 1.1 Geological map of north-east England. A f t e r 
Johnson (l970a). 
Figure 1.2 Geological map of the Upper Teesdale area. 
A f t e r Johnson et a l . ( I 9 7 l ) . 
s - w e l l developed ro t t en marble and c a l c i t e sand rendzihas. 
Figure l . l 
,2. 




The l i t e r a t u r e on the Whin .S i l l i s voluminous, but l i t t l e 
detai led work has been undertaken on the contact metamorphism. 
The only extensive work was that of Hutchings (I898), who gave 
detai led descriptions of the a l t e r a t i on produced i n the contact 
aureole. He was also the f i r s t to .note the increase i n Na i n 
some of the beds close to the contact but could not explain 
i t s patchy d i s t r i b u t i o n . Since Hutchings's work various 
authors have mentioned the metamorphism, Smythe (I93O, 1950), 
Dunham (1948) and Randall (1959), but no modern, detai led work 
has been undertaken. 
GEOLOGICAL SETTING OF UPPER TEESDALS 
The geological se t t ing of the Upper Teesdale region is 
shown i n Pig . 1.1. No discussion i s given on the general 
geology, as excellent accounts are readi ly available, Duoham 
(1948), Bott and Johnson (I970) and Johnson (l970a). Part of the 
great a e r i a l extent of the Whin S i l l may be seen from Pig. 1.1. 
The southernmost outcrop i s along the Hett dyke system, but 
just to the north , large outcrops of the s i l l are present i n 
Upper Teesdale. The s i l l i s also found along the f u l l length of 
the western escarpment of the northern Pennines, but near 
Brampton i t turns north-eastwards along the Roman Wall and 
continues across Northiimberland up to the Farne Islands, where 
the northernmost l i m i t of the complex is formed by the Holy 
Island dyke. 
I t i s i n Upper Teesdale, however, that the present study 
has concentrated and the geology of t h i s region i s shown i n 





The area of main interest extends from High Force, i n the 
south-east, north-westwards across Widdybank F e l l to Moor House, 
and south-west of Harwood Beck ( F i g . 1 . 2 ) . Lower Carboniferous 
sediments are found i n t h i s region, a detailed account of which 
i s given, for the Moor House area, by Johnson and Dunham (1963) . 
A si m p l i f i e d s t r a t i g r a p h i c a l column, showing the succession at 
Cow Green mine, i s given i n Pig. 1.3 ( a f t e r Dunham, 1943), and 
i s used as a reference for the area. For the purpose of t h i s 
study the Lower Carboniferous succession has been divided into 
three groups namely:- l ) Basement Group, 2) Lower Limestone 
Group and 3 ) Middle Limestone Group. A detailed discussion of 
the r e l a t i o n of these l o c a l terms to the international sub-
divisions of the Carboniferous, i s given i n Johnson and Dunham 
(1963) and Johnson ( l 9 7 0 b ) . 
The fl o o r of the Tees valley, near Langdon Beck, i s com-
posed of folded Skiddaw Slates and tuf f s (Pig. 1 .2 ) , which are 
unconformably overlain by the almost horizontal Carboniferous 
s t r a t a . The Carboniferous commences with the Basement Group, 
composed of basal conglomerates overlain by sandstones and 
shales with thin, interbedded limestones. The Basement Group i s 
overlain by'the Lower Limestone Group, dominated by the thick 
(38 m), massive, light-coloured Melmerby Scar Limestone, which 
• has occasional shale horizons. The upper part of t h i s group 
and the overlying Middle Limestone Group consist of a series of 
rhythmic units composed of dominantly dark-coloured limestones 
with interbedded sandstones and shales. The Wi±a S i l l i s 
intruded at i t s lowest str a t i g r a p h i c a l horizon at Cronkley Scar, 
Figure 1.3 Sinrplified s t r a t i g r a p h i c a l succession at Cow 
Green mine. After Dunham (192^8). 
Figure 1.3 
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. 7 . 
where i t i s found some 27 m beneath the Melmerby Scar Limestone, 
Dunham ( 1948 ) . • In the Cow Green area the s i l l i s intruded some 
27 m below the upper surface of the Melmerby Scar Limestone 
(Pig. 1.3)* North-west from t h i s area the s i l l gradually r i s e s 
in the succession and at Greenhurth mine i s found at the base of 
the Lower L i t t l e Limestone.(Johnson and Dunham, I 9 6 3 ) . 
The samples studied, i n t h i s investigation, (Appendix l . l ) 
have mainly been collected from a series of boreholes d r i l l e d 
during the s i t e investigation for the Cow Green reservoir. 
These boreholes were sunk in a zone extending from near Birkdale 
(F i g . 1 .2 ) , northreastwards across Widdybank P e l l to Harwood Beck. 
The location of, and the detailed stratigraphical successions, of 
these bareholes, are given i n a supplement to K n i l l ( l 9 6 6 ) i 
The Upper Teesdale area i s bisected by the NNW to SSE 
trending Burtreeford disturbance. This structure i s an eastward 
facing faulted monocline with a downthrow of some 200 m to the 
east. This has brought the Middle Limestone Group, on the 
east of the structure, • into juxtaposition with the Lower Limestone 
Group, i n the west* The disturbance was active before the 
intrusion of the Whin S i l l as i t cuts across the structure from 
a position near the Tyne Bottom Limestone in the east, to a 
horizon near the base of the Melmerby Scar Limestone, i n the west. 
METHODS OP AI-^ALYSIS 
Electron microprobe analysis 
The electron microprobe analyses have been made using a 
Cambridge S c i e n t i f i c Instrxmients Co.., Geoscan Mark 2, with two 
spectrometers and a take-off angle of 7 5 ° . An accelerating 
. 8 . 
voltage of 15 K.V. was used throughout the analyses, except 
•where volatilization of the sample might have occurred, such as 
in the cases, of prehnite, c h l o r i t e and datolite, when 12 K.V, and 
a defoGussed beam were used. Plow-proportional counters were 
used throughout and the E.H.T. of the counters was set prior to 
each element analysis, as v/as the threshold value ( E ) . A window 
setting (6E) was not used, in order to minimize the effect of 
pulse-height d r i f t * 
The polished slices,, of the samples, were carbon-coated 
along with the standards, which were from the departmental 
col l e c t i o n , at Durham, and consisted of minerals, elements and 
oxides of known, homogenous composition and purity. The p a r t i -
cular standard used for each element and the analysing c r y s t a l 
are shown i n Table 1.1. 
Table 1.1 Standards and analysing c r y s t a l s used in electron 
microprobe analysis 
Element Standard Crystal 
S i Vfollastonite K.A.P.. 
'Corundiim 
Al CPlagioclase ( l a i ) K.A.P. 
Iron 
Fe t o i i v i n e (OLGB) L i . F . 
'Olivine (OLGB) 
Mg (Periclase K.A.P. 
Ca Wollastonite Quartz 
Na Jadeite K.A.P. 
K Orthoclase (AFI5) Quartz 
T i Rutile L i . F . 
Ivln Manganese Li.P. 
The 29 values are. those given i n standard tables, and these 
were 'peaked' prior to each element analysis. Background readings 
were taken for a l l elements, low and high 2G-values were taken 
.9. 
for S i and A l . A fixed counting time of ten seconds was used 
exclusively, although at least two readings were taken on each 
point. 
The raw data, on the tape print-out from the electron micro-
probe, were reduced using the computer programme EMPADR VII, 
written by Rucklidge and Gasparrini (I969). A copy of t h i s 
programme was kindly sent, to Durham by Professor Rucklidge and 
i t has been adapted for use on the I B l 360/67 N.U.M.A.C. computer, 
at Durham, by the writer. The correction procedures used, in the 
programme, are those suggested by Sweatman and Long (1969), a 
description i s not given here as the workings of the programme 
are described i n d e t a i l by Rucklidge and Gasparrini (I969). 
X-ray fluorescence analysis 
Major and trace element analyses have been made, on whole rocks, 
using a P h i l l i p s PW 1212 automatic X-ray fluorescence (X.R.F.) 
spectrometer with a printed tape output. The rocks were 
i n i t i a l l y crushed in a tungsten-carbide Tema di s c - m i l l and 
then the resultant powders were briquetted, as described by 
Holland and Brindle (I966). The standards used in the X.R.P. 
analysis of whole rocks were a selected portion of the 
argillaceous standards used in the Dept. of Geology, Durham. 
The error due to instrumental d r i f t was minimized, during the 
analyses, by taking an intensity measurement of the charac-
t e r i s t i c radiation for each elewent by ratio against a monitor. 
The sources of error inherent i n X.R.P. analysis, are not 
discussed here,as a comprehensive review of such features, and 
the operating conditions used, are given by Reeves (l97l). The 
,10. 
conditions l a i d out by Reeves, are i d e n t i c a l to those used in 
t h i s work, the same equipment being used over a short period of 
time by both Reeves and the present author. 
The analyses presented i n Appendix 4.1 are direct comparisons 
with the standards except for the elements S i , Al and Fe, for 
which matrix corrections were applied. These corrections were 
applied as i t was found that the standard error of estimate of 
the c a l i b r a t i o n curves, for these elements, was thus si g n i f i c a n t l y 
reduced (Reeves, 1971)• 'ffater determinations have not been made 
for the samples (Appendix 4.1) and for t h i s reason a l l the 
analyses, except for those with a high carbonate content, have 
been normalized, after the correction outlined above. The 
analyses have been derived using a computer programme written 
by Reeves ( l 9 7 l ) . 
The V/hin S i l l major element analyses (Appendix 2.l) were 
direct comparisons with the standards. In t h i s case the 
close range calibration method was used and samples of the 
L i t t l e \Vhin S i l l , analysed wet-chemically, (Dunham and Kaye, 
1965) were used as standards. 
Trace-element analysis has also been undertaken by X.R.P., 
using a s e r i e s of-»standard powders, made from Pilkingbon glass 
casts, as described .by Brown et _al. (1970). Background scatter 
was used as an in t e r n a l standard, peak and background readings 
T/ere taken at the appropriate 20 values. The raw data were then 
processed, peak to background ratios were calculated for each 
element and referred to the calibration curves of the standards, 
using a computer programme written by R.C.D, G i l l of the Dept. 
of Geology, University of Durham, 
.11. 
A s e r i e s of separate standards, for the limestone deter-
minations, (Appendix 4.3) were prepared by the author, using the 
internal standard method by the spiking of a sample, with the 
element to be determined. The detection l i m i t s for the trace-
elements in the limestone determinations are shown in Table 1.2, 
with the standard deviations for the three elements, found 
consistently above the detection l i m i t . 
Table 1.2 Detection l i m i t s and standard deviations of trace 
element determinations in limestones. 



















( + ), 'Detection limit = 3b' 










b = background counts 
Appendix 1.1 Location of samples 




















































































































































c a l c - s i l i c a t e 
limestone 
c a l c - s i l i c a t e 
I I 
sandstone 

















21/1 Whin 21.7 21/2 marble 21.3 
21/4 I I 18.0 
21/5 sandstone 17.5 21/6 I I 16.2 
21/7 I I 15.4 
21/8 shale 15.3 
21/9 marble 15.2 21/11 11 12.7 21/12 limestone 10.6 
21/13 shale 4.8 
21/14 I I 4.1 
21/15 sandstone 2.6 
21/16 I I 1.7 
21/17 Whin 30.3 21/18 I I 33.4 
21/19 shale 5.6 
21/20 I I 5.8 
21/21 s i l t s t o n e 6.4 21/22 I t 7.2 
21/22A I I 8.5 











































































4-0/2 marble 84.0 
40/3 I t 82.3 
40/5 sandstone. 80.6 
40/6 I I 79.3 
4-0/7 wollastonite 78.4 
4-0/9 I I 78.1 
4-0/10 marble 75.1 
40/11 sandst one 74.9 
4-0/12 I I 74.4 
4-0/13 limestone 72.9 
4-0/14 shale 71.6 
4-0/15 s i l t stone 69.0 
40/16 sandstone 65.5 
40/17 I t 64.2 
40/18 marble 63.4 
40/19 limestone 61.2 
40/20 marble 61.0 
40/21 limestone 59.5 
40/22 I t 58.3 
40/23 s i l t s t o n e 58.0 
40/25 sandstone 55.4 
40/26 I t 53.5 










































































43/2 contact-rock 54.5 
43/4 c a l c - s i l i c a t e 53.5 
43/5 I t 53.1 
43/6 I t 53.0 
43/7 limestone 52.7 
43/7A c a l c - s i l i c a t e 52.1 
43/8 sa'ndstone 51.3 
43/9 I I 49.8 
43/10 c a l c - s i l i c a t e 48.9 
43/11 impure 1st. 48.3 
43/12 sandstone 47.0 
43/13 I t 46.4 
43/16 shale 41.3 
43/21 limestone 33.5 
43/22 c a l c - s i l i c a t e 32.7 
43/23 mudstone 32.3 
43/25 I t 29.7 
43/27 sandstone 25.4 
43/28 I t 24.3 
43/29 I t 23.8 
43/30 I t 23.5 
43/33 I I 19.2 
43/35 siltst o n e 15.4 
43/36 sandstone 10.4 
Appendix 1,1 Location of samples 
Borehole kl+ Rookhope borehole 
Sample Depth m 
44/7 c a l c - s i l i c a t e 31.7 44/8 impure 1st. 30.9 
44/9 c a l c - s i l i c a t e 29.9 
44/9A impure 1st. 29.1 
44/10 sandstone 28.3 
44/11 c a l c - s i l i c a t e 27.6 
44/12 marble 27.2 
44/14 mudstone 22.3 
44/20 I t 8.7 
44/25 Whin 104.0 
44/28 mudstone 107.9 
44/28A c a l c - s i l i c a t e 108.2 
44/32 mudst one 111.3 
Borehole 45 
45/1 contact-rock 62.3 
45/5 sandstone 57.2 
45/7 wollastonite 55.6 
45/12 si l t s t o n e 49.7 
45/13 I t 47.2 
45/14 sandstone 44.2 
45/16 si l t s t o n e 36.0 
45/17. sandstone 30.3 
Borehole 46 
46/2 c a l c - s i l i c a t e 62.4 
46/3 impure 1st. 61.2 
46/5 contact-rock 59.7 
46/13 impure 1st. 41.3 
Borehole 47 
47/1 shale 39.9 
47/7 sandstone 48.6 
47/8 shale 50.2 
47/9 impure 1st. 51.4 
47/10 I t 51.8 
47/18 mudstone 72.2 
47/19 impure 1st. 72.9 
47/20 I I 73.4 
47/22 sandstone 74.8 
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L/860 Y/hin pegmatite 26O.8 
L/876 " 265.7 
UT/19 
UT/37 
Falcon C l i n t s 
Whin contact 
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CHAPTER I I 
WHIM SILL AND HEAT-PLOW CALCULATIONS 
Introduction 
The Whin S i l l , of northern England, has long been cited as 
one of the c l a s s i c examples of a quartz-dolerite intrusive sheet. 
I t has been the subject of intensive study for over a century and 
the most important works include those of T e a l l ( l 8 8 4 a-b). Holmes 
and Harwood ( 1 9 2 8 ) , Tomkeieff ( 1 9 2 9 ) and Smythe ( 1 9 3 0 ) . This 
work has concentrated on f i e l d characters, petrography and 
chemistry but l i t t l e attention has been paid to the metamorphism. 
The present study, i n contrast, concentrates on the metamorphic 
effect but some attention has also been given to Whin san^jles 
close to the contact, as described l a t e r . 
Once the igneous character of the Whin had been established 
early i n the l a s t century, there v/as controversy as to whether 
the sheet was a contemporaneous flow, or an intrusive body, 
Hutton ( 1 8 3 2 ) , Sopwith ( 1 8 3 3 ) and P h i l l i p s ( I 8 3 6 ) a l l suggested 
i t was a lava flow. However, Sedgwick ( 1 8 2 7 ) , Vlood ( I 8 3 I ) and 
Topley and Lebour ( 1 8 7 7 ) f i n a l l y proved i t s intrusive character, 
owing mainly to the associated metamorphism, both above and 
below the s i l l and i t s variation i n strat i g r a p h i c a l horizon. 
THE m m SILL COMPLEX 
The "Whin S i l l complex consists of a series of interconnected 
or related s i l l s and four sets of dyke en echelons. The dyke en 
echelons have a ME trend and sets are found at both the southern 
and northern l i m i t s of the s i l l - l i k e intrusions. Holmes and 
.13. 
Harwood (1928) have suggested that the dykes represent feeders 
for the s i l l , with possible further concealed feeders beneath 
the Pennines, F i t c h and M i l l e r (I967) also support t h i s view. 
The s i l l does not remain at a constant stratigraphical 
horizon, but varies from the lowest known position i n Upper 
Teesdale, where i t intrudes the Lower Limestone Group, to the 
highest known position i n a faulted o u t l i e r of Coal Measures 
at Midgeholme (Trotter and Hollingworth, 1932). The Whin S i l l 
has been dated by the potassim-argon method ( F i t c h and Miller, 
1967) giving a Stephanian age of 295 - 6 Dunham (1948) 
showed that the s i l l gradually r i s e s in the succession away 
from Upper Teesdale,,but over large areas i t remains at a 
constant horizon, migration upwards occurring at definite 
zones. Along with the upward r i s e i n the succession, there i s 
a general thinning of the s i l l away from Upper Teesdale where 
i t reaches one of i t s greatest thicknesses of over 73 i " . This 
Upper Teesdale section has long been the thickest known but 
recently a borehole at Ninebanks, West Allendale has proved a 
maximum of over 80 m of Whin. The s i l l thins to less than 8 m 
on the Northumberland coast at Bamburgh. 
The whole complex forms a single petrographical province 
with quartz-dolerite dominant. The intrusion has long been 
regarded as a c l a s s i c t h o l e i i t e on the basis of the glassy 
mesostasis, which consists of quartz and a l k a l i feldspar when 
c r y s t a l l i n e . Dunham and Kaye (I965) have shown, however, that 
when plotted on atotal a l k a l i e s , s i l i c a diagram, the Whin 
f a l l s i n between the c l a s s i c alkaline and t h o l e i i t i c basalt 
s e r i e s . Tomkeieff (1929) and Smythe (1930) have recorded 
. 1 4 . 
s i l i c i c d ifferentiates, of the TJhin in Northiamberland, showing 
some enrichment in a l k a l i e s . 
The Whin petrography i s very uniform, with a mineral com-
position, as estimated by Dunham (1948) as follows:-
pyroxene 34^, plagioclase feldspar k6fo, hornblende, biotite 
and c h l o r i t e 4 ^ , iron-titanium oxides 8fo, quartz, orthoclase 
and micropegmatite 5 ^ » Four te x t u r a l v a r i e t i e s have also 
been recognised by Dunham (1948) as follows:-
1) T a c h y l i t i c f a c i e s - a marginal rock type. 
2) Fine-grained, grey dolerite. 
3) Medium-grained dolerite. 
4) Pegmatite-dolerite with grey and pink granophyric 
v a r i e t i e s . 
Although the 7?hin i s known through many detailed works,the 
author has examined contact samples and analysed three suites 
of samples up to the contact. This work was undertaken to 
record variation, i f any, of the Whin up to i t s contact. 
Clough (1880) envisaged large scale assimilation of sedimentary 
st r a t a by the I h i n . His conclusions were based on f i e l d obser-
vation, mainly the lack of mechanical disturbance in sedi-
mentary beds at the contact and the absence of s t r a t a in places 
such as Rowantree Syke, Upper Teesdale, where i t was claimed 
approximately 6 m of sediments are missing because of assimi-
lation by the s i l l , dough's assertions are not viable 
according to l a t e r work and the present analyses,there i s no 
supporting evidence for such large scale assimilation. 
.15 . 
White f^fhin 
White Whin, an alteration product of the original dolerite, 
i s commonly associated with alteration produced by the northern 
Pennine mineralizing solutions. This alteration, of the 
. dolerite to a carbonate-clay mineral rock, has been well 
described by Wager (l929a). The effect has been compared with 
the white traps of Scotland, which are found at the contacts of 
basic igneous rocks and carbonaceous shales, a i l shales or coals. 
Such contact alteration i s not seen with the Wiln S i l l . Although 
the s i l l cuts and comes into contact with mamerous limestone 
horizons there i s nowhere, evidence for assimilation of the 
country rock with subsequent production of hybrid rocks such 
as feldspathoidal and m e l i l i t e bearing rocks. In some cases, 
the immediate contact rocks show inclusions of quartzose frag-
ments but again l i t t l e sign of reaction i s present between 
these and the Whin. 
Contact modifications 
The t a c h y l i t i c margin has been recognised i n a l l contact 
specimens examined. Generally the Whin shows a sharp, clear 
contact with the country-rocks, but in d e t a i l i t may be un-
dulating and irregular. The actual contact i s often marked by 
a concentration of very fine-grained magnetite-ilmenite material 
giving the rock a very dark colour. Set in t h i s opaque material 
are phenocrysts of dominant feldspar, often in the f i r s t c e nti-
metre at the contact, showing flow orientation p a r a l l e l to the 
contact. In the specimens examined from Teesdale, feldspar and 
pyroxene phenocrysts are present in the contact zone suggesting 
.16. 
that these were present i n the magma on in t rus ion , indica t ing 
that the magma was probably intruded close to i t s l iquidus 
temperature. Thin-sections of the contact show pyroxene 
dominant (UT/19), i n some cases, while i n others feldspar i s 
dominant w i th minor pyroxene {IA/2& and UT/37). The varying 
amounts of these two minerals present i n the samples suggests 
that they c ry s t a l l i z ed at a s imi la r ten^jerature, which from 
loder and T i l l e y ' s (I962) work i s suggestive of a rather low 
water content i n the magma. The maximum water vapour pressure 
act ing i n Teesdale and Yfest Allendale, can be estimated from 
probable overburden (Trot te r and Hollingvvorth, 1932j Johnson 
and Dunham, 19^3; Dunham and Kaye, I965), as between 300 t o 
400 bars. 
The feldspar laths close t o the contact are usually highly 
s e r i c i t i z e d , but unaltered var ie t i e s are occasionally seen with 
a maximum ex t inc t ion angle of 29°, indica t ive of labradori te , 
An50. F^roxenes are usually f r e sh wi th only marginal a l t e ra t ion . 
Augite i s subhedral and granular showing low, second-order 
interference colours wi th a low to moderate 2V. Some crystals 
of orthopyroxene are also present. 
CHEMICAL VARIATION 
The v a r i a t i o n i n chemical composition of the Whin S i l l , 
w i th distance from contact is shown i n Pig . 2.1. The actual 
analyses used i n the p lots are tabulated i n Appendix 2.1, along 
wi th other analyses from samples w i t h i n 1.5 m of the contact. 
The p lo t of borehole 18 (F ig . 2.1) shows resul ts , ranging 
from 1.5 m up to 29.9 m from the contact, which have a 
Figure 2.1 Major element v a r i a t i o n i n the \lh±n S i l l , 
w i th distance from contact . 
Country rock at contact, shown alongside each diagram. 
Figure 2,2 Trace element va r i a t i on i n the Vftiin S i l l , 
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remarkable consistency and no systematic va r i a t ion i s seen i n any 
element. Samples from boreholes 21 and 35 again show no systematic 
v a r i a t i o n . No s imi lar analyses across the Whin S i l l have been made 
f o r comparison, except f o r those across the L i t t l e lIThin S i l l made 
by Dunham and Kaye ( 1 9 6 5 ) . They also noted no var ia t ion i n t h e i r 
analyses, save f o r an increase i n the FeO:Pe20^ r a t i o towards the 
centre of the s i l l . As the Fe i s given as t o t a l Fe20^ , t h i s 
va r i a t ion cannot be v e r i f i e d i n the present case. 
The present analyses show a very close relat ionship to Holmes 
and Harwood's (1928) analyses, especially i n the s l i g h t l y higher 
SiO^ and lower AI2O3 as compared to Sicythe's (1930) r esu l t s . The 
lower ^120^ values are also supported by Harrison ( I 9 6 8 ) but his 
S i 0 2 values are i n close agreement wi th S inythe ' s . Overall , 
however, the analyses merely confirm the uni formi ty of the bulk 
composition of the TShin S i l l . 
The specimens from the c h i l l e d contact, numbers 35 /3 and 
2 1 / 1 , which would be expected to preserve the features of the 
o r i g i n a l magma, on in t rus ion , show only minor differences to that 
of 18 /22 over 29.' m from the contact. The two contact specimens 
show s l i g h t l y lower SiOg, higher Fe20^ and lUgO than 18 /22. However, 
i f t h i s v a r i a t i o n i s s i g n i f i c a n t i t cannot represent a gradual 
change over the 30 m as the changes are not r e f l ec ted i n F i g . 2 . 1 . 
The di f ference must, therefore , be re f lec ted only i n the immediate 
contact selvages represented by samples 3 5 / 3 and 2 l / l . 
The "5?hin samples have also been analysed f o r f i v e trace 
elements, Zr, Sr, Rb, Zn and Cu and the results tabulated i n 
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var i a t ion can be seen away from the contact, and again the u n i -
fo rmi ty of the measurements i s the noticeable point to emerge. 
The between section va r i a t i on of the above elements is also low, 
as there, i s reasonable correspondence betv/een the concentration 
of elements i n a l l three sections 
The values of Zr and Sr agree we l l m t h Harrison^^s (1968) 
•bulk analysis of the '.Thin S i l l while Cu i s a f ac to r of two higher 
(Appendix 2.2). The Zr and Rb values agree reasonably wel l wi th 
the values given by Dunham and Kaye (I965) f o r the L i t t l e Mhln 
S i l l . Strontium i n the L i t t l e ^ i n S i l l i s s i g n i f i c a n t l y higher 
than both the average values f o r the Great T/hin S i l l , which i s 
unusual, as Sr i s usually concentrated during c r y s t a l l i z a t i o n . 
The general marked lack of chemical va r i a t ion , away from the 
contact, both i n major and trace elements suggests that the s i l l 
cannot have assimilated any sediment during in t rus ion , as was 
envisaged by Clough (I880), or suffered any marked d i f f e r e n t i a t i o n . 
One of th'e most n o t a b l e features i n th icker sections of the 
Whin, are the pegmatite bands. The borehole at Ninebanks recorded 
several of these bands*. Major element analyses of two samples 
from these pegmatites (L/860 and L/876) are given in Appendix 2.1. 
Comparing these analyses wi th the normal IThin, there i s ah increase 
i n t o t a l Pe, TiOg and P2O5 wi th a decrease i n the MgO, Al20^ and 
CaO contents. These pegmatites are coarse-grained wi th large 
' pyroxenes and long, ske le ta l grains of opaques. The feldspars, of 
these pegmatites, are dominantly quite t u rb id and s e r i c i t i z e d . 
Electron microprobe analyses of the feldspars are given i n 
Appendix 5.2. Two of the crys ta ls , L/86O-I and L/860-3 are 
andesine i n composition, L/860-3 showing an increase of the a lb i t e 
,21. 
molecule from 32.l4'o, at the centre, to %.5fo at the crys ta l r im. 
Crystal L/860-2 i s an a l b i t e , wi th over 96^ of the a lb i te mole-
cule , Tomkeieff (I929) has shown that andesine is the average 
composition of plagioclase i n the pegmatites, 
I^rojcene, of ten al tered, occurs abundantly i n the pegmatites, 
but some f resh sections show a herring-bone structure and hour-
glass zoning, A graphic intergrowth of feldspar and pyroxene is 
widespread. Abundant quartz is present occurring-mainly'in. a 
myrmekitic intergro^vth w i t h feldspar. 
Hornblende has long been recorded as an a l t e ra t ion rim to 
pyroxenes i n the pegmatites. The sample L/860, however, showed 
euhedral, basal sections of green-brown hornblende. The euhedral 
ou t l ine and freshness of the crystals suggest that i t i s a primary 
phase and as such i s the f i r s t recorded instance i n the Vflain S i l l , 
Rarely a graphic intergrowth of green, f resh hornblende is seen 
wi th fe ldspar . 
Apat i te i s veryabundant throughout the samples occuring as 
long, slender needles. Opaque minerals occur abundantly i n long, 
skele ta l grains, the high TiO^ content suggestive of a high.per-
centage of the i lmenite molecule i n the opaques. 
For primary hornblende to c ry s t a l l i z e from an o l i v i n e -
t h o l e i i t e magma, a minimum water vapour pressure i n the region of 
1000 bars i s suggested by Yoder and T i l l e y (1962), During the 
c r y s t a l l i z a t i o n of the Y/hin magma, water must be concentrated in to 
the pegmatite bands g iv ing r i se to an increased water pressure. 
An ea r l i e r estimate of maximum water pressure, based on the 
probable overburden, gave a value i n the region of 300 to 400 
bars which i s s i g n i f i c a n t l y below the minimum value suggested by 
.22. 
experimental work. 
Further research in to these pegmatites would, therefore, be 
most use fu l i n the elucidation of t h e i r petrogenesis. 
Conclusions 
The t a c h y l i t i c margins of the liVhin S i l l show flow-orientated 
phenociysts of feldspar i n association wi th pyroxene which i s 
suggestive of in t rus ion close to the l iquidus temperature of the 
magma. Chemical analyses of nineteen IThin samples, f o r eleven 
major elements and f i v e trace elements, have confirmed the overa l l 
bulk un i fo rmi ty of the s i l l . No evidence f o r assimilation or 
d i f f e r e n t i a t i o n could be seen from the analyses. Two san^les of 
pegmatites from Ninebanks, West Allendale have also been analysed. 
Enrichment i n t o t a l Pe20j, Ti02 and 'P2^^ i s seen, Petrographic 
examination has shovm the presence of primary hornblende, i n 
these pegmatites, t h i s being the f i r s t recorded instance from the 
IVhin S i l l . 
THEORETICAL HEAT-FL0\7 CALCULATIONS 
Calculations of t heo re t i ca l metamorphic temperatures attained 
i n the contact metamorphic aureole of the Whin S i l l were under-
taken at an early stage i n the present inves t iga t ion . These have 
provided some notation of the va r i a t i on i n temperature around the 
in t rus ion i n r e l a t i on to the observed metamorphism. The values 
obtained from the calculations are not regarded as absolute, 
since there i s some uncertainty inherent i n the mathematical model 
as out l ined below, 
A number of workers have made attempts to systematize the 
.23 . 
cooling h i s to ry of igneous in t rus ions . Ear l ie r workers (Levering, 
1955; Larsen, 1945) have neglected the e f fec t of la tent heat of 
c r y s t a l l i z a t i o n of the magma. This has a profound e f fec t on 
the temperatures i n the metamorphic aureole and f o r t h i s reason 
Jaeger's equations (1957, 1959, and I 9 6 4 ) , which include the 
e f fec t of la tent heat, have been used exclusively i n the present 
study. 
Assumptions involved and t h e i r re la t ionship t o the V?hin S i l l 
Nature- of in t rus ion 
For s i m p l i f i c a t i o n , i n the calculat ions, the in t rus ion is 
assumed t o be a sheet- l ike body of constant thickness and ex-
tending i n d e f i n i t e l y i n the hor izonta l plane. 
The Ti?hin S i l l conforms to t h i s pattern almost i d e a l l y . 
Although the s i l l transgresses the Carboniferous s t rata , i t does 
so along d e f i n i t e belts (Dunham, 13h£>; Dunham, 1970) . Between 
these bel ts the s i l l of ten remains at a constant horizon over 
large areas. I n the main area of inves t iga t ion (Upper Teesdale) 
the s i l l remains f a i r l y constant i n thickness at 73 m. 
Temperature of the magma; 
The i n t ru s ion i s assumed t o have taken place rapidly, 
compared to the time of s o l i d i f i c a t i o n , in to rocks of zero (0°C) 
temperature. The magnaa i s also assumed to have been intruded 
at a constant temperature equal to i t s l iquidus temperature. 
Dunham (1948) recognised a f ine-grained, t a c h y l i t i c marginal 
facies of the Wcixn S i l l , which i s suggestive of sudden in t rus ion 
in to r e l a t i v e l y cold country rocks. The-presence of phenocrysts 
of plagioclase and pyroxene i n contact specimens suggests that 
.24. 
the Whin S i l l was intnaded close to i t s l iquidus temperature. An 
estimate of the l iquidus temperature may be obtained from the work 
of Yoder and Txl ley (I962), who have shown that f o r a quartz-
d o l e r i t e the l iquidus temperature l i e s at approximately 1180°C, 
at atmospheric pressure. The solidus and liquidus temperatures 
used i n the calculations have been adjusted to allow f o r the e f fec t 
of water vapour pressure, A maximum water pressure i n the region 
of 300 to 400 bars i s envisaged during c r y s t a l l i z a t i o n of the Whin 
S i l l magma i n Teesdale, This i s estimated by analogy wi th the 
Coal Measures i n eastern Durham, where a thickness of IO67 m of 
sediment i s present above the Three Yard-Limestone (Dunham and 
Kaye, I965). I n Upper Teesdale, a f u r t h e r I50 m of sediment i s 
present below t h i s limestone, g iv ing a t o t a l cover i n the region 
of 1200 m of s t ra ta . The actual values used i n the calculations 
were II50 and 1000°C f o r tf ie l iquidus and solidus temperatures 
respect ively. 
Heat loss from the cooling magma 
For the purpose of the calculat ion, the magma heat loss is 
assumed t o be by conduction only, Gonvective e f fec t s a f t e r emplace-
ment, which would increase contact temperatures s i g n i f i c a n t l y , are 
not considered. 
Evidence f o r convection i n the T/hin S i l l , i n the form of 
d i f f e r e n t i a t i o n or layer ing i s not present. Heat loss by the 
escape of v o l a t i l e s i s not considered because the heat carried 
by the v o l a t i l e s would be dissipated over a large area and would 
probably nat contribute s i g n i f i c a n t l y to the elevated temp-
eratures i n the country- rocks. 
.25 . 
Effec t of la tent heat 
Jaeger's formulae are an advantage over ea r l i e r work, on 
contact metamorphic temperatures, as corrections can be made to 
cover the e f f ec t of the latent heat of s o l i d i f i c a t i o n of the 
magma. The correction was made by an addit ion to the speci f ic 
heat using the fo l lowing equation: 
c^ = c + L/(T^-T2) 
(symbols defined over leaf) 
Thermal properties of rocks 
For s i m p l i c i t y , the thermal properties of the country-rock 
and the s o l i d i f i e d magma are assumed to be equal and independent 
of pressure or temperature. 
The density used i n the calculations was 2.9 ^cm"-^, a value 
given f o r the 'i?hin S i l l by. Clark (1966), a density f o r marble 
was also given as 2.8 ^cm"-^. L i t t l e information is available 
on the spec i f ic heats of rocks, therefore, a value of 0.25 c a l / 
gm/°C was used, as suggested by Jaeger (1957) . The thermal conductivity 
values, used i n the calculat ions, are from the work of Dr. J . 
Weilden, Imperial College, London, who made several determinations 
on samples from the Rookhope borehole. A thermal conductivity 
value of 0.007 cal/cm sec°C was used f o r calculations representative 
of the in t rus ion i n Teesdale. A value of 0.005 cal/cm sec°C was 
used f o r the models of Rookhope and Ninebanks, where there i s a 
greater amount of shale and s i l t s tone , close to the int rusion, 
as compared to Teesdale. L i t t l e i s known on the latent heat 
of s o l i d i f i c a t i o n of magmas and a value of 80 cal/gm was used 
as suggested by Jaeger (1957) . 
.26. 
Formulae used f o r computation 
The basic formula used i n the calculations i s from Jaeger 
(1964) and i s given below:-
T = i e r f e r f ^ ] 
2T2 2T^ 
£ = x /d 
r = k t / d ^ 
k = K ^ c 
T = temperature of country rock. 
X = distance from the central plane of the igneous body. 
d = ^ thickness of i n t rus ive sheet, 
t = time a f t e r i n t rus ion (seconds). 
J& = density of rocks, 
c - spec i f i c heat of rocks 
c^= spec i f ic heat corrected f o r latent heat of s o l i d i f i c a t i o n . 
K = thermal conductivi ty of rocks, 
k = d i f f u s i v i t y of rocks. 
L = la tent heat of s o l i d i f i c a t i o n of magma. 
T^= l iqu idus temperature of magma. 
T2= solidus temperature of magna. 
T. = f o u r i e r number. 
Equations 2 and 3 give the dimensionless quantit ies of i. and 
7^  which are subst i tuted i n the main equation, 1. A corrected 
value f o r spec i f ic heat, taking into account the l a ten t heat, i s 
used as shown previously (p .25) . 
As calculat ions proved lengthy, the computation has been 
achieved by means of a small programme w r i t t e n i n PLl, by M.J. Reeves, 
Figure 2.3 Theoret ica l ly calculated temperatures f o r Whin 
S i l l aureole. 
So l id l i n e shows values f o r the in t rus ion i n Upper Teasdale. 
Dash-dot l i n e represents temperatures f o r the Rookhope 
i n t r u s i o n . 
Dash-double dot l i n e represents temperatures f o r the Ninebanks 
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Results of calculat ions 
Temperature curves have been p lo t ted i n the form of a three-
dimensional diagram ( F i g . 2 .3) . The so l id l ines of the graph 
indicate calculated temperatures f o r the aureole i n Upper Teesdale, 
the dash-dot l i n e and the dash-double dot l i ne show the calculated• 
temperatures at Rookhope and Ninebanks, respectively. The h o r i -
zontal curves show the change i n temperature, at a constant 
distance from the contact, w i t h t ime. Close to the contact the 
temperature r ises rap id ly t o a maximum, then drops rapidly to a 
state, a f t e r some 600 years, where there appears to be a gradual, 
l inear decrease i n the temperature. Away from the contact the 
sharp apex of the maximum te^mperature i s no longer evident. A 
v e r t i c a l curve shows the v a r i a t i o n i n temperature wi th distance 
from the contact, at a pa r t i cu la r time a f t e r in t rus ion , the 
gradient of which i s most steep, immediately a f t e r the in t rus ion . 
With an increase i n time a f t e r the in t rus ion, the slope of the 
curve decreases such that the temperatures become more even and 
there i s only a d i f ference of some 50°C between the contact and 
a point 35 m from the contact, a f t e r 1000 years. 
The resul ts f o r Rookhope are lower than f o r Upper Teesdale 
as would be expected since the s i l l i s only 58 m th i ck compared 
wi th 73 m i n Upper Teesdale. The Ninebanks section, wi th 80 m 
of TiVhin recorded, shows the maximum theore t ica l temperatures. 
Thus from theore t i ca l considerations the maximum metamorphism, 
associated w i t h the Whin S i l l , might be expected at Ninebanks. 
This, however, i s contrary to the known geological observations 
and t h i s anomaly i s considered i n Chapter V I . 
Appendix 2.1 Whin S i l l major element analyses. 
18/11 18/12 18/13 18/14 18/16 18/17 18/19 
SiO 51.54 51.16 50.99 50.54 51.15 51.10 51.56 
14.19 13.78 13.83 13.67 13.81 13.68 14.35 
••^  2^3 
Fer>Oo 12.16 12.81 12.97 12.92 12.31 12.53 12.38 
MgO 5.21 5.40 5.59 6.40 5.97 6.00 5.18 
CaO 8.68 9.23 8.87 8.28 8.54 8.83 8.41 
NagO 2.86 2.62 2.67 2,53 2.52 2.54 2.85 
KgO 1.26 0.76 1.02 1.20 1.20 1.12 1.32 
TiOg 2.21 2.34 2.35 2,33 2.27 2.33 2.21 
MnO 0.18 0.14 0.17 0.14 0.14 0.16 0.14 
S 0.14 0.15 0.14 0.17 0.14 0.14 0.13 
P2O5 0.33 0.32 0.32 0.32 0.34 0.32 0.34 
Tota l 98.76 98.71 98.98 98.50 98.39 98.75 98.87 
18/20 18/21 18/22 21/1 21/24 21/17 21/18 
SiOg 51.20 51.60 51.15 51.03 50.13 50.33 50.87 
Al^Oq 12.51 14.14 14.17 14.74 14.00 13.80 14.13 
I <s 0 
Te^Oo 
14.97 12.44 12.58 13.05 13.07 13.12 12.53 
MgO 4.56 4.91 4.99 5.20 5.27 5.69 4.98 
CaO 7.10 8.89 8.83 8.16 8.98 8,08 8.56 
Na20 2.81 2.87 2.86 1.51 2.73 2,78 2.73 
KgO 1.71 1.31 1.28 1.76 1.19 1.76 1.64 
TiOg 2.72 2.31 2.31 3.00 2.33 2,46 2,34 
MnO 0.18 0.17 0.17 0.22 0.17 0.17 0.17 
S 0.16 0.10 0.14 0.16 0.18 0.28 0.17 
P2O5 0.42 0.33 0.31 0.27 0.34 0.37 0.33 
Tota l 98.34 99.07 98.79 99.10 98.39 98.84 98.45 













49,93 50.20 49.92 49.92 49,78 51.24 49.84 
13.84 14.25 13.78 13.45 13,85 11.21 11.32 
14.07 13,50 13.35 14.07 13.26 14,80 16.00 
6.03 5,64 5.47 8.60 5.46 4,81 4,58 
8.42 9,12 8.88 7.13 8.31 6.12 8,75 
3,02 2.68 2.78 1.60 2.87 2.48 2,01 
1,12 0.99 1.19 0.26 1.37 1.47 0,87 
2,45 2,46 2.44 2.36 2,37 3,72 3,92 
0.19 0.16 0,16 0.16 0,16 0,14 0.14 
0,15 0.18 0.19 0.18 0,17 0.30 0.20 
0.30 0.34 0.33 0.24 0,32 0.36 0.45 
99.52 99.52 98.49 97,97 97,92 96,65 98.08 
(+) , Total iron 
Appendix 2.2 Whin S i l l trace element determinations ppm. 
Zr Sr Rb Zn Cu 
18/11 209 389 36 6 75 
18/12 204 376 20 6 70 
18/13 211 377 31 6 ' 84 
18/14 218 412 37 7 77 
18/16 213 403 38 6 76 
18/17 221 389 32 7 82 
18/19 207 406 37 6 77 
18/20 280 389 42 7 109 
18/21 236 372 36 6 84 
18/22 233 369 32 6 84 
21/1 236 322 31 6 85 
21/24 203 383 34 6 83 
21/17 214 377 58 6 75 
21/18 212 394 57 6 76 
35/3 211 467 41 5 67 
35/2 218 386 27 6 81 
35/1 224 395 31 6 78 
17/20 225 326 11 4 84 
22/5 191 505 44 6 78 
Average 219 391 36 6 80 
L i t t l e Whin 203 449 20 109 59 
S i l l Average 
+Great Whin 200 
S i l l Woodland 
370 45 
* Dunham and Kaye (1965) 
+ Harrison (1968) 
.29. 
CHAPTER I I I 
PETROLOGY OF IvIETMOBPHOSED SEDTMEMTS 
MECMORPHISM OF SHALES 
The s h a l e s i n t h e Whin S i l l a u r e o l e have n o t been g r e a t l y -
a f f e c t e d by t h e metamorphism. T h e r e has u s u a l l y been j u s t a 
s i m p l e r e c r y s t a l l i z a t i o n o f t h e o r i g i n a l c l a y m i n e r a l s , t o a 
f i n e - g r a i n e d , s e r i c i t i c m a t e r i a l and f o r t h i s r ea son X - r a y 
d i f f r a c t i o n has been used e x t e n s i v e l y i n s t u d i e s o f t h e s h a l e s . 
The n o r m a l , unmetamorphosed C a r b o n i f e r o u s s h a l e s o f t h e 
r e g i o n a r e f i n e - g r a i n e d and d a r k i n c o l o u r , y / i t h Tivell deve loped 
b e d d i n g . The m a i n m i n e r a l s p r e s e n t a r e q u a r t z and i l l i t e , w i t h 
some c h l o r i t e and k a n d i t e - t y p e m i n e r a l s . 
S p o t t i n g i n t h e s h a l e s i s w e l l d e v e l o p e d on metamorphism, 
Dunham et_ al . . . (19^5) r e c o r d e d s p o t t i n g t o o v e r 36 m f r o m t h e 
c o n t a c t i n t h e Rookhope b o r e h o l e and s i m i l a r d i s t a n c e s have been 
r e c o r d e d i n Upper T e e s d a l e . These spo t s v a r y i n s i z e f r o m 0.05 
t o 0.45 iiiin and show a c o n c e n t r a t i o n o f semi-opaque , b r o w n i s h -
g r e y m a t e r i a l , p o s s i b l y o f b i t u m i n o u s ' m a t t e r . Some o f t h e spo t 
"areas were removed and X - r a y e d by powder p h o t o g r a p h y . On ly 
q u a r t z , i l l i t e and c h l o r i t e were r e c o r d e d . . Dunham's (1948) 
r e c o r d o f a n d a l u s i t e i n c l e a r s p o t s i n t h e sha l e s has n o t been 
c o n f i r m e d i n t h e p r e s e n t s u r v e y . 
C l o s e t o t h e c o n t a c t , t h e s h a l e s a r e c o n v e r t e d t o p o r c e l -
l a n i t e s , due t o t h e r e c r y s t a l l i z a t i o n o f t h e c l a y m i n e r a l s , i n 
w h i c h t h e b e d d i n g i s d e s t r o y e d . . These p o r c e l l a n i t e s a r e cream 
i n c o l o u r , i n c o n t r a s t t o t h e d a r k c o l o u r o f t h e n o r m a l s h a l e s , 
t h e d i f f e r e n c e p r o b a b l y b e i n g due t o t h e l o s s o r r e c r y s t a l l i z a t i o n 
.30. 
o f o r g a n i c m a t e r i a l on h e a t i n g . 
P e t r o g r a p h i c e x a m i n a t i o n has been o f l i t t l e v a l u e i n t h e 
e x a m i n a t i o n o f t h e s h a l e s , as t h e metamorphism has no t been 
e x t e n s i v e enough t o cause l a r g e s c a l e g e n e r a t i o n o f m u s c o v i t e 
and b i o t i t e f r o m t h e c l a y m i n e r a l s . E x t e n s i v e r e c r y s t a l l i z a t i o n 
can o f t e n be seen i n samples w i t h i n 10 m o f t h e c o n t a c t , bu t t h e 
m a t e r i a l i s a v e r y f i n e - g r a i n e d s e r i c i t e . 
X - r a y d i f f r a c t i o n s t u d i e s 
I l l i t e has been t h e o n l y c l a y m i n e r a l examined, because o f 
i t s dominance i n t h e C a r b o n i f e r o u s s h a l e s . C h l o r i t e i s n o t 
p r e s e n t i n a l l t h e s h a l e s and o c c u r s i n much s m a l l e r amounts, as 
compared t o i l l i t e . P r i o r t o d i f f r a c t i o n , t h e samples v/ere 
s e p a r a t e d as d e s c r i b e d i n A p p e n d i x 3«1. The c o n d i t i o n s used 
d u r i n g t h e d i f f r a c t i o n r u n s a r e s h o r n i n A p p e n d i x 3.2. 
Two m a i n aims were i n m i n d d u r i n g t h i s s t u d y , ( l ) t o show 
i f t h e r e i s any v a r i a t i o n i n t h e i l l i t e c l a y - m i n e r a l p o l y m o r p h 
t o w a r d s t h e c o n t a c t , and (2) t o t r a c e ' a n y change i n c r y s t a l -
o 
l i n i t y as shown by t h e 10 A peak o f t h e i l l i t e . 
V a r i a t i o n i n p o l y m o r p h i s m 
The m i n e r a l s o f t h e m i c a g r o u p ( i n c l u d i n g i l l i t e ) o ccu r 
i n s e v e r a l p o l y m o r p h s r e s u l t i n g f r o m d i f f e r e n c e s i n arrangement 
o f t h e a t o m i c p l a n e s * T h r e e m a i n po lymorphs a r e known ( l o d e r 
and E u g s t e r , 1955) : 
1. The t w o - l a y e r , m o n o c l i n i c p o l y m o r p h 2M 
2. The o n e - l a y e r , m o n o c l i n i c p o l y m o r p h Bii 
3. The o n e - l a y e r , d i s o r d e r e d m o n o c l i n i c p o l y m o r p h l lud 
Yoder and E u g s t e r o b s e r v e d a t r a n s f o r m a t i o n f r o m t h e IMd f o r m 
. 3 1 . 
t o I M and 2]Vi w i t h i n c r e a s i n g t e m p e r a t u r e and sugges ted t h a t t h i s 
was t h e sequence i n v o l v e d d u r i n g metamorphism. They f o u n d t h a t 
t h e 261 s t r u c t u r e was t h e s t a b l e f o r m i n t h e range 200 t o 350°G, 
a t 15000 p s i w a t e r p r e s s u r e . The a c t u a l i d e n t i f i c a t i o n o f t h e 
p o l y m o r p h , i n t h e p r e s e n t s t u d y , i s somewhat s u b j e c t i v e , 
e s p e c i a l l y when t h e r e i s , i n some cases , a m i x t u r e o f two 
v a r i e t i e s t o g e t h e r w i t h c h l o r i t e . 
The p o l y m o r p h s have been d i f f e r e n t i a t e d u s i n g t h e p resence 
and s t r e n g t h s o f r e f l e c t i o n s as shown i n T a b l e 3 . 1 , w h i c h i s 
based on t h e w o r k o f Yoder and E u g s t e r (1955) and t h e A . S . T . M . 
i n d e x . The s t r e n g t h o f t h e 004 r e f l e c t i o n a t 5.0 a i s a u s e f u l 
g u i d e , as i t i s weak and r agged i n t h e IMd v a r i e t y bu t i n c r e a s e s 
i n h e i g h t and sharpness i n t h e I M and 21,1 v a r i e t i e s . 
T a b l e 3 . I I d e n t i f i c a t i o n o f i l l i t e p o l y m o r p h 
Hvld BIL m 
0 
A S t r e n g t h 1 S t r e n g t h 0 A S t r e n g t h 
1 0 . 1 100 10 .1 100 10.0 100 
5.0 20 5.0 37 5.0 55 
4 .5 50 4.5 90 4.5 55 
4 . 4 . 27 4 . 4 26 
4.3 21 
4 . 1 16 4 . 1 14 
4.0 12 
3.9 37 
3.7 60 3.7 32 
3 .4 100 3 .4 100 3.4 100 
3.2 50 3.2 47 
3.0 47 
2.9 6 2.9 35 
2.8 16 2.8 22 
2.6 40 2.6 50 2.6 50 
H a r b o r d ( I 9 6 2 ) has shown t h a t t h e dominant i l l i t e p o l y m o r p h 
i n t h e s h a l e s o f t h e Y o r e d a l e S e r i e s , o f Upper T e e s d a l e , i s t h e 
I M d v a r i e t y w i t h some o c c a s i o n a l admixed 2i.I v a r i e t i e s . 
.32. 
The dominan t p o l y m o r p h s r e c o r d e d f r o m samples r a n g i n g f r o m 
30 m up t o t h e c o n t a c t , a r e shown i n F i g . 3 . I A . The samples a re 
f r o m a number o f b o r e h o l e s and t h e c a l i b r a t i o n d a t a a re shown i n 
A p p e n d i x 3.3. The unmetamorphosed s h a l e s , g r e a t e r t h a n 25 m 
f r o m t h e c o n t a c t , c o n s i s t d o m i n a n t l y o f t h e Uvld v a r i e t y excep t 
f o r one sample w i t h t h e 2M p o l y m o r p h . T h e r e i s a change i n t h e 
t y p e o f i l l i t e p o l y m o r p h t o w a r d s t h e c o n t a c t , t h e IMd f o r m b e -
c o m i n g supe rceded by t h e I M and 2M v a r i e t i e s . T h i s change has 
occuijjed s o l e l y i n r e sponse t o an i n c r e a s e i n t e m p e r a t u r e , p r e s s u r e 
h a v i n g been l o w and most p r o b a b l y o f c o n s t a n t v a l u e over t h e 
w h o l e a u r e o l e . E x p e r i m e n t a l work and p r e v i o u s g e o l o g i c a l r e s e a r c h 
( Y o d e r and E u g s t e r , 1955; Maxviell and Kawer, I967) has t ended t o 
sugges t t h a t p r e s s u r e p l a y s an i m p o r t a n t r o l e i n t h e s e t r a n s f o r m -
a t i o n s b u t t h e c u r r e n t w o r k sugges t s t h a t t e m p e r a t u r e a l o n e i s 
s u f f i c i e n t t o p r o d u c e p o l y m o r p h i c t r a n s f o r m a t i o n . 
V a r i a t i o n i n c r y s t a l l i n i t y 
I t i s known t h a t t h e c r y s t a l l i n i t y o f i l l i t e i n c r e a s e s w i t h 
t e m p e r a t u r e , p r e s s u r e b e i n g o f no s i g n i f i c a n c e ( K u b l e r , I966; 
W i n k l e r , 1970). K u b l e r measured t h e w i d t h o f t h e 10 A peak a t 
h a l f p e a k - h e i g h t and f o u n d t h a t t h i s v a l u e ( i . e . c r y s t a l l i n i t y ) 
dec reases w i t h an i n c r e a s e i n me tamorph ic t e m p e r a t u r e . T h i s 
measurement has been made on t h e p r e s e n t samples and i s shown i n 
F i g . 3IB. T h e r e i s a t r e n d f r o m l a r g e r p e a k - w i d t h s , a t 30 m f r o m 
t h e c o n t a c t , t o s m a l l e r v a l u e s c l o s e t o t h e c o n t a c t , as shown i n 
F i g . 3 . I B by t h e dashed l i n e . A r e d u c t i o n i n t h e p e a k - w i d t h o f 
a p p r o x i m a t e l y kOfo i s seen b u t t h e r e i s q u i t e a marked s c a t t e r o f 
p o i n t s abou t t h e dashed l i n e . A s s o c i a t e d w i t h t h i s decrease i n 
F i g u r e 3 . 1 \ / ' a r i a t i o n i n i l l i t e c r y s t a l l i n i t y and p o l y m o r p h i s m , 
w i t h d i s t a n c e f r o m c o n t a c t . 
3.1A V a r i a t i o n i n t h e r a t i o p e a k - h e i g h t r w i d t h , w i t h 
d i s t a n c e f r o m c o n t a c t . The d o m i n a n t p o l y m o r p h 
r e c o r d e d i s shown a g a i n s t each s a m p l e . 
Hud o n e - l a y e r , d i s o r d e r e d m o n o c l i n i c p o l y m o r p h . 
U/i o n e - l a y e r , m o n o c l i n i c p o l y m o r p h . 
2M t w o - l a y e r , m o n o c l i n i c p o l y m o r p h . 
The two dashed l i n e s d e f i n e u p p e r and l o w e r l i m i t s , i n t h e p r e s e n t 
case , t o t h e change i n t h e p e a k - h e i g h t r w i d t h r a t i o o f i l l i t e 
t o w a r d s t h e c o n t a c t . 
3 . I B V a r i a t i o n i n t h e i l l i t e 10 A p e a k - w i d t h w i t h 
d i s t a n c e f r o m c o n t a c t . 
Dashed l i n e shows t r e n d t o w a r d s a n o r r o w e r p e a k - w i d t h c l o s e t o 












































. 34 . 
p e a k - w i d t h , t h e r e i s a marked i n c r e a s e i n t h e p e a k - h e i g h t o f t h e 
0 
10 A, . 001 r e f l e c t i o n . The p e a k - h e i g h t by i t s e l f i s i n d i c a t i v e o f 
a change i n t h e c r y s t a l l i n i t y b u t i t i s a l s o a f f e c t e d by f e a t u r e s 
such as t h e p r o p o r ' t i o n o f i l l i t e p r e s e n t and p r e f e r r e d o r i e n -
t a t i o n . The r a t i o o f p e a k - h e i g h t a g a i n s t p e a k - w i d t h has , t h e r e -
f o r e , been p l o t t e d a g a i n s t d i s t a n c e f r o m c o n t a c t as shown i n 
F i g . 3 . 1 A . 
As shown by t h e dashed l i n e s , t h e r e i s a w e l l d e f i n e d 
i n c r e a s e i n t h i s r a t i o t o w a r d s t h e c o n t a c t . A t d i s t a n c e s g r e a t e r 
t h a n 20 m f r o m t h e c o n t a c t t h e i n d e x appears t o r e m a i n c o n s t a n t 
be tween t h e v a l u e s 2 and h,ffor t h e s i x samples p l o t t e d . T h i s i s 
s u g g e s t i v e o f a ' b a c k g r o u n d i n d e x ' f o r t h e i l l i t e , p r i o r t o 
metamorph i sm, where t h e 10 % peak i s r e l a t i v e l y b r o a d and weak. 
One v a l u e i s s i g n i f i c a n t l y h i g h e r t h a n t h i s c o n s t a n t i n d e x , t h e 
sample b e i n g a s i l t s t o n e w i t h abundant , l a r g e mica f l a k e s on t h e 
b e d d i n g p l a n e s . Thus i t seems t h i s h i g h e r i n d e x must r e p r e s e n t a 
' r e m a n e n t ' v a l u e because t h e mica has n o t been c o m p l e t e l y 
w e a t h e r e d . A t d i s t a n c e s l e s s t h a n 18 m f r o m t h e c o n t a c t t h e r e i s 
an i n c r e a s e i n t h e p e a k - h e i g h t : w i d t h r a t i o as t h e c l a y m i n e r a l s 
r e c r y s t a l l i z e t o a more complex s t r u c t u r e . T h e r e i s no s i m p l e 
l i n e a r i n c r e a s e i n t h e r a t i o , i t i s a r a t h e r b r o a d , b u t s i g n i -
f i c a n t t r e n d w i t h a maximum i n d e x o f a lmos t 39 reached l e s s t h a n 
6 m f r o m t h e c o n t a c t . The two p o i n t s marked by c rosses a r e 
r e s u l t s f r o m v e r y p u r e sands tones i n v /h ich t h e c l a y m i n e r a l 
c o n t e n t was m i n i m a l and d i f f i c u l t t o c o n c e n t r a t e . 
C o n c l u s i o n s 
P e t r o g r a p h i c e x a m i n a t i o n has been o f l i t t l e use i n e x a m i -
n a t i o n o f t h e s h a l e s b u t X - r a y d i f f r a c t i o n s t u d i e s have p r o v e d 
. 35 . 
most u s e f u l . These have shown t h a t metamorphism can be r e c o g -
n i s e d i n t h e s h a l e s , a t a d i s t a n c e o f a p p r o x i m a t e l y 18 m f r o m 
t h e c o n t a c t . . T h e r e i s a s y s t e m a t i c i n c r e a s e i n t h e p e a k - h e i g h t : 
0 
w i d t h r a t i o o f t h e 10 A i l l i t e peak, t o w a r d s t h e c o n t a c t , w i t h a 
s y m p a t h e t i c change i n t h e i l l i t e p o l y m o r p h a l s o . These changes 
have r e s u l t e d f r o m t e m p e r a t u r e a l o n e , as p r e s s u r e has been l o w 
and o f c o n s t a n t v a l u e . 
IffiTAIvlORPHISM OF PURE LDffiSTOKES 
Metamorph i sm o f t h e p u r e l i m e s t o n e s o f Upper T e e s d a l e 
causes m a r m o r i z a t i o n t o a s a c c h a r o i d a l m a r b l e , t h e a l t e s r a t i o n 
r e s u l t i n g i n t h e o b l i t e r a t i o n o f a l l t h e s e d i m e n t a r y f e a t u r e s 
i n c l u d i n g t h e b e d d i n g . The m a r b l e s c o n s i s t o f rounded t o 
d o d e c a h e d r a l g r a i n s o f c a l c i t e , d e c r e a s i n g i n g r a i n - s i z e away 
f r o m t h e c o n t a c t , w h i c h have a g r a n u l a r t e x t u r e and g r a i n -
b o u n d a r i e s m e e t i n g i n t r i p l e - p o i n t s . The abundance o f s t r a i g h t 
g r a i n - b o u n d a r i e s and t r i p l e - p o i n t s , i n t h e m a r b l e s , i s 
s u g g e s t i v e o f a l o w - e n e r g y , e q u i l i b r i u m c o n f i g u r a t i o n b e i n g 
r eached ( S p r y , I969) . 
S a c c h a r o i d a l m a r b l e s a r e v e r y r e s t r i c t e d i n t h e i r o c c u r r e n c e 
i n B r i t a i n ; t h e y a r e known m a i n l y f r o m Teesda l e bu t t h e r e a re 
some m i n o r o c c u r r e n c e s i n D e r b y s h i r e . F i n e - g r a i n e d , s a c c h o r o i d a l 
m a r b l e f o r i n s t a n c e , i s deve loped a t t h e immedia te c o n t a c t o f 
an o l i v i n e - d o l e r i t e , i n t r u s i v e i n t o l i m e s t o n e s , near t h e 
v i l l a g e o f Peak F o r e s t , D e r b y s h i r e . 
G r a i n - s i z e measurements 
The g r a i n - s i z e o f c a l c i t e c r y s t a l s has been measured on 
t e n t h i n - s e c t i o n s o f s a c c h a r o i d a l m a r b l e , f r o m t h r e e b o r e h o l e s 
(17, 18 and 3 3 ) . An average o f j u s t under 5OO g r a i n s p e r 
.36. 
s e c t i o n were measured . 
The o r i g i n a l measurements were made u s i n g a g r a d u a t e d e y e -
p i e c e and t h e n c o r r e c t i o n s were a p p l i e d , t o t h e s e d a t a u s i n g 
m a t r i x a l g e b r a a f t e r Rose (1968). F o r t h e pu rpose o f t h e measure-
ments and c o r r e c t i o n s , i t was assumed t h a t t h e c a l c i t e g r a i n s 
were s p h e r i c a l . The m a t h e m a t i c a l t r e a t m e n t , o f Rose, c o r r e c t s 
f o r t h e f a c t t h a t t h e p l a n e o f t h e t h i n - s e c t i o n does n o t i n t e r -
s e c t t h e t r u e d i a m e t e r o f a l l t h e g r a i n s i n t h e s e c t i o n . U n -
c o r r e c t e d , t h e r e f o r e , t h i s e f f e c t w o u l d g i v e r i s e t o an a p p a r e n t l y 
s m a l l e r g r a i n - s i z e t h a n i s a c t u a l l y p r e s e n t . The c o r r e c t e d g r a i n -
s i z e measurements a r e shown i n v a r i o u s p l o t s i n F i g . 3 .2 . 
The v a r i a t i o n i n average g r a i n - s i z e w i t h d i s t a n c e f r o m t h e 
IVhin S i l l c o n t a c t i s shown i n F i g . 3 . 2A . The s t r a i g h t l i n e 
r e p r e s e n t s a l i n e a r r e g r e s s i o n dravm t h r o u g h t h e p l o t t e d p o i n t s 
( c o r r e l a t i o n c o e f f i c i e n t 0 .94) . T h i s l i n e g i v e s a good f i t t o 
a l l t h e p o i n t s , e x c e p t f o r t h e v a l u e c l o s e s t t o t h e c o n t a c t . 
T h i s l i n e a r p l o t w o u l d p r o b a b l y r e p r e s e n t t h e v a r i a t i o n expec ted 
i f a s i m p l e r e l a t i o n s h i p e x i s t e d be tween t h e g r a i n - s i z e and m a x i -
mum t e m p e r a t u r e r e a c h e d i n t h e a u r e o l e . Tempera tu re m i l p l a y a 
m a j o r r o l e i n d e t e r m i n i n g g r a i n - s i z e b u t o t h e r f a c t o r s such as 
t i m e , c r y s t a l - s t r a i n and t h e p r e sence o f i m p u r i t i e s , w i l l c o n t r i -
b u t e t o w a r d s t h e f i n a l g r a i n - s i z e r eached and a l s o t o t h e spread 
o f r e s u l t s o b t a i n e d i n any one s e c t i o n . F o r t h e s e r easons , t h e 
dashed c u r v e i s b e l i e v e d t o r e p r e s e n t a b e t t e r e s t i m a t e , o f t h e 
v a r i a t i o n i n average g r a i n - s i z e , i n t h e p r e s e n t c a s e . 
P r e v i o u s w o r k has shown t h a t t h e g r a i n - s i z e o f c a l c i t e i n m a r b l e 
and q u a r t z i n h o r n f e l s , i n c r e a s e s e x p o n e n t i a l l y t owards igneous 
c o n t a c t s , ( G r i g o r e v , I965, p .179; Edwards and Baker , 1944). 
The p r e s e n t measurements , i n c o n t r a s t , show a sha rp r i s e 
F i g u r e 3.2 C a l c i t e g r a i n - s i z e d i s t r i b u t i o n s i n s a c c h a r o i d a l 
m a r b l e . 
3.2A V a r i a t i o n i n ave rage g r a i n - s i z e w i t h d i s t a n c e 
f r o m yihin S i l l c o n t a c t . 
Symbols r e f e r t o b o r e h o l e s 17, 18 and 33 as shown. S t r a i g h t 
l i n e r e p r e s e n t s a l i n e a r r e g r e s s i o n f i t t e d t o t h e p o i n t s . 
3 . 2 B G r a i n - s i z e v a r i a t i o n w i t h d i s t a n c e f r o m c o n t a c t . 
The l o w e r l i n e and t r i a n g l e s r e p r e s e n t moda l v a l u e s , t h e u p p e r 
l i n e and c i r c l e s r e p r e s e n t t h e h i g h e r g r a i n - s i z e v a l u e , a t 
one q u a r t e r o f t h e m o d a l p e a k - h e i g h t . The t w o d i a g r a m s show 
h a n d - d r a w n c u r v e s , and l i n e a r r e g r e s s i o n l i n e s f i t t e d t o t h e 
p o i n t s . 
3 .2C G r a i n - s i z e f r e q u e n c y d i s t r i b u t i o n o f samples 
f r o m b o r e h o l e 1 8 . 
The d i s t a n c e f r o m t h e c o n t a c t (m) o f each spec imen i s shown 
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• i n g r a i n - s i z e be tween 25 and 5 m f r o m t h e c o n t a c t ( F i g . 3 . 2 A ) , 
above w h i c h a marked f l a t t e n i n g i n t h e s l o p e i s s een . T h i s 
v a r i a n c e be tween t h e p r e s e n t c u r v e , o f g r a i n - s i z e a g a i n s t 
d i s t a n c e f r o m c o n t a c t , and t h e r e s u l t s o f p r e v i o u s w o r k e r s , i s 
p r o b a b l y a r e f l e c t i o n o f t h e s m a l l t i m e i n t e r v a l a v a i l a b l e f o r ' 
r e c r y s t a l l i z a t i o n . F i g u r e 2.3 ( p . 2 7 ) shows t h e c a l c u l a t e d 
t e m p e r a t u r e s , f o r t h e Whin S i l l a u r e o l e . A t d i s t a n c e s between 
0 and 10 m, f r o m t h e c o n t a c t , t h e r e i s a r e l a t i v e l y s h o r t p e r i o d 
o f t i m e d u r i n g w h i c h t h e t e m p e r a t u r e s , a t t h e s e d i s t a n c e s , a r e 
s i g n i f i c a n t l y h i g h e r t h a n t h e res t - o f t h e a u r e o l e . As a r e s u l t , 
t h e r e i s p r o b a b l y i n s u f f i c i e n t t i m e a v a i l a b l e , c l o s e t o t h e 
c o n t a c t , t o a l l o w t h e ' ^ g r a i n - s i z e t o e q u i l i b r i a t e w i t h ' t h e se 
• h i g h e r t e m p e r a t u r e s , r e s u l t i n g i n t h e decrease i n t h e s l o p e o f t h e 
c u r v e o b s e r v e d i n F i g , 3 . 2 A . 
F i g u r e 3 .2C shows t h e g r a i n - s i z e d i s t r i b u t i o n i n f o u r 
samples f r o m b o r e h o l e 1 8 . The d i s t r i b u t i o n c u r v e s a r e n o t 
Gauss ian b u t a s y m m e t r i c a l t o t h e l o w e r g r a i n - s i z e s . C o r r e s -
] p o n d i n g l y t h e moda l v a l u e s o f t h e g r a i n - s i z e d i s t r i b u t i o n c u r v e s , 
a r e l o w e r t h a n t h e ave rage g r a i n - s i z e s , as shown by compar i son 
' o f F i g . 3 .2A and 3 . 2 B . The c u r v e s i n F i g . 3 . 2B, r e f l e c t t h e 
a s y m m e t r i c a l n a t u r e o f t h e g r a i n - s i z e d i s t r i b u t i o n c u r v e s . The 
d i v e r g e n c e o f t h e l i n e s , t o w a r d s t h e c o n t a c t , i n d i c a t e s a h i g h e r 
' p e r c e n t a g e o f l a r g e r g r a i n - s i z e s c l o s e t o t h e c o n t a c t . 
P rocess o f r e c r y s t a l l i z a t i o n 
F o r r e c r y s t a l l i z a t i o n t o p recede i n a m o n o m i n e r a l i c r o c k , 
I w i t h o u t phase change, e i t h e r o r b o t h o f t h e f o r c e s , l a t t i c e -
s t r a i n and g r a i n - b o u n d a r y e n e r g i e s a r e i n v o l v e d ( S p r y , I969). 
iThe hea t o f metamorphism i s n o t a f o r c e i n i t s e l f , i t i s r a t h e r 
.39. 
an i n i t i a t i n g p r o c e s s f o r t h e a c t u a l e n e r g i e s i n v o l v e d i n t h e 
p r o c e s s . I n Upper T e e s d a l e d e f o r m a t i o n o f t h e s t r a t a , p r i o r t o 
metamorph i sm, w o u l d have been n e g l i g i b l e , s t r a i n - e n e r g y , t h e r e -
f o r e , w i l l have been o f m i n o r i m p o r t a n c e i n t h e p r e s e n t s t u d y . 
I n o r d e r t o p r o v i d e s u f f i c i e n t i o n i c m o b i l i t y f o r g r a i n -
bounda ry movement t o o c c u r , t h e l i m e s t o n e s must have been hea ted 
t o a t l e a s t t h e Tamman t e m p e r a t u r e ( S p r y , I969) . T h i s t e m p e r a -
t u r e i s a p p r o x i m a t e l y h a l f t h e m e l t i n g t e m p e r a t u r e o f c a l c i t e , 
i n degrees K e l v i n . ' W y i l i e and T u t t l e (I960) suggest a m e l t i n g 
t e m p e r a t u r e f o r c a l c i t e , i n t h e p re sence o f w a t e r vapou r a t l o w 
p r e s s u r e s , i n t h e r e g i o n o f 800°C, The Tamman t e m p e r a t u r e w o u l d , 
t h e r e f o r e , be o f t h e o r d e r o f 50O t o 550°C. G r i g g s e t a l . (1958) 
showed, however , t h a t a t e m p e r a t u r e o f 800°C was r e q u i r e d f o r 
r e c r y s t a l l i z a t i o n t o o c c u r i n an u n s t r a i n e d sample o f t h e 
S o l e n h o f e n l i m e s t o n e , a t f i v e k i l o b a r s . Tempera tu r e s o f 800°C, 
i n t h e p r e sence o f w a t e r v a p o u r a r e , however , most l i k e l y t o 
g e n e r a t e m e l t s ( \ i f y l l i e and T u t t l e , I 9 6 0 ) . S k e l e t a l g r a i n s sugges-
t i v e o f a m e l t a r e n o t p r e s e n t i n any o f t h e l i m e s t o n e s examined 
and t e m p e r a t u r e s o f t h i s o r d e r seem u n l i k e l y f o r t h e p r e s e n t 
s t u d y . 
I f t h e v a l u e o f 500°C i s a c c e p t e d as t h e minimum t e m p e r a -
t u r e f o r r e c r y s t a l l i z a t i o n , t h e n t h i s v a l u e must have been 
a t t a i n e d a t . i t h e l i m i t o f m a r m o r i z a t i o n , w h i c h i s a p p r o x i m a t e l y 
27 m f r o m t h e c o n t a c t b u t t h e t h e o r e t i c a l v a l u e s ( P i g . 2.3) show 
o n l y a maximum t e m p e r a t u r e i n t h e o r d e r o f 35O t o 375°C a t 25 m 
f r o m t h e c o n t a c t . A second d i s c r e p a n c y i s , t h e r e f o r e , n o t e d i n 
w h i c h g e o l o g i c a l o b s e r v a t i o n s do n o t agree w i t h t h e c a l c u l a t e d 
metamorph ic t e m p e r a t u r e s , and t h i s i s c o n s i d e r e d i n t h e f i n a l 
C h a p t e r o f t h i s t h e s i s . 
.40. 
The s a c c h a r o i d a l m a r b l e s , as m e n t i o n e d e a r l i e r , a re v i r t u a l l y 
r e s t r i c t e d t o Upper T e e s d a l e , where t h e Whin S i l l i n t r u d e s t h e 
Lower L i m e s t o n e Group . E l sewhere t h e s i l l i s f o u n d i n t r u d e d 
m a i n l y i n t h e M i d d l e L i m e s t o n e Group i n w h i c h d a r k - c o l o u r e d l i m e -
s t o n e s a r e d o m i n a n t . The o r g a n i c c a r b o n i n t h e s e l i m e s t o n e s 
( C h a p t e r TJ) i n h i b i t s r e c r y s t a l l i z a t i o n as shown by Robinson ( l97l)« 
A copy o f t h e pape r by t h e w r i t e r ( R o b i n s o n , 1971) i s e n c l o s e d w i t h 
t h i s t h e s i s . 
S p e c i f i c p o i n t s i n t h e above pape r a r e shown i n t h e f o l l o w i n g 
P l a t e s . 
The f i n e - g r a i n e d c a l c i t e mud, w i t h abundant carbonaceous 
m a t t e r , as c h a r a c t e r i s t i c o f d a r k - c o l o u r e d l i m e s t o n e s , i s shov/n 
i n P l a t e 3 . I . A d a r k l i m e s t o n e i s a l s o shovm i n P l a t e 3'2 b u t 
i n w h i c h i n d i v i d u a l g r a i n s o f c a l c i t e can be seen, w i t h r i m s o f 
ca rbonaceous m a t e r i a l a round t h e g r a i n - b o u n d a r i e s . A d a r k , 
u n r e c r y s t a l l i z e d l i m e s t o n e , i s i l l u s t r a t e d i n P l a t e 3.3, i n w h i c h 
t h e r e l a t i v e l y c a r b o n - f r e e areas a r e r e c r y s t a l l i z e d . 
C o n c l u s i o n s 
Pure l i m e s t o n e s i n Upper Teesda l e a r e marmor i zed t o saccha-
r o i d a l m a r b l e s , w h i c h a r e v i r t u a l l y r e s t r i c t e d , i n B r i t a i n , t o 
U p p ^ r T e e s d a l e . G r a i n - s i z e measurements on t e n t h i n - s e c t i o n s 
show a v a r i a t i o n i n average g r a i n - s i z e o f c a l c i t e , f r o m 0.5 mm, 
a t t h e c o n t a c t , t o 0.05 mm a t d i s t a n c e s g r e a t e r t h a n 20 m f r o m 
t h e c o n t a c t . UTork a l r e a d y p u b l i s h e d ( R o b i n s o n , 1971), has shown 
t h a t c a r b o n i n d a r k l i m e s t o n e s i n h i b i t s r e c r y s t a l l i z a t i o n by t h e 
p r e v e n t i o n o f g r a i n - b o u n d a r y movement. Tempera tu re s i n excess 
P l a t e 3.1 Sample 40 / I3 . F i n e - g r a i n e d c a l c i t e mud w i t h abundant 
ca rbonaceous m a t e r i a l . (x200) 
P l a t e 3.2 Sample 40/13. C a l c i t e g r a i n s w i t h r i m s o f c a r b o n a -
ceous m a t e r i a l a round g r a i n - b o u n d a r i e s . (xl50) 
P l a t e 3 . 3 Sample 40/13. Groundmass o f d a r k , f i n e - g r a i n e d 
c a l c i t e mud, w i t h l i g h t e r a r eas o f r e l a t i v e l y 
c a r b o n - f r e e m a t e r i a l , w h i c h has s u f f e r e d 
r e c r y s t a l l i z a t i o n . (x90) 
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Pla t e 3.1 
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Pla t e 3.3 
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of 300 C are thought necessary i n order t o promote r e c r y s t a l l i -
z a t i o n o f the l imes tones . 
METAMOHPHISM OF IMFUBE LMESTOI'TES AND CALCAREOUS- SHAIiES 
Impure l imestones and calcareous sediments have been the most 
suscep t ib le t o t h e metamorphism. A wide range o f metamorphic 
minera l s i s developed, up t o 25 m f r o m the Whin S i l l contact , i n 
the c a l c - s i l i c a t e rocks examined. The most abundant minerals 
found are g rossu la r garnet , p l a g i o c l a s e f e ld spa r and ep ido te . 
Macroscopic f e a t u r e s 
General m ine ra l i d e n t i f i c a t i o n i s d i f f i c u l t , or not poss ib le 
i n the m a j o r i t y o f samples of the metamorphosed sediments because 
o f t h e i r f i n e - g r a i n e d n a t u r e . Sedgwick (1827), however, noted 
the presence o f garnets i n impure l imestones close t o the contact 
i n Upper Teesdale, S i m i l a r l y garnets have been recognised i n 
hand-specimens f r o m borehole samples. I d i o b l a s t i c , p i n k i s h - r e d 
garnets are present i n sample 43/22, a calcareous shale, and 
w h i t e , massive garnet i s present in-sample 35/4, a banded, c a l c -
s i l i c a t e c o n t a c t - r o c k . W o l l a s t o n i t e has been recognised f o r 
the f i r s t t ime i n hand-specimen, f r o m th ree boreholes . A 
w o l l a s t o n i t e - r i c h rock, up t o 50 cms t h i c k , i s present at the 
j u n c t i o n between the Lower Robinson Limestone and u n d e r l y i n g 
sandstone. The w o l l a s t o n i t e occurs as w h i t e , r a d i a t i n g c r y s t a l s 
up t o 4 mm i n l e n g t h and i s present i n samples 40/7, 4 l / 3 and 
45/7 . Pyrite i s present i n many samples and i s probably a 
r e c r y s t a l l i z a t i o n o f o r i g i n a l sedimentary m a t e r i a l . Small 
pockets o f haemati te have been recognised i n one sample, 19/9, 
where i t occurs i n a s soc i a t i on w i t h f i n e - g r a i n e d f e l d s p a r . 
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I n Upper Teesdale, these minera ls are t h e on ly r e a d i l y 
i d e n t i f i a b l e minera l s t o be seen i n hand-specimen but at Barras-
f o r d quarry , Northumberland, elongate gra ins o f pinkish-brovm 
idocrase up t o 4 mm i n l e n g t h , can be recognised f r o m m a t e r i a l 
i n a sedimentary r a f t inc luded i n the Waxn S i l l (Randa l l , 1959). 
Although no new minera ls can be seen i n the m a j o r i t y of the 
samples, t h e rocks have obvious ly undergone r e c r y s t a l l i z a t i o n . A 
banded, c a l c - s i l i c a t e contact rock which i s shown i n Plate 3.4 
has been e x t e n s i v e l y r e c r y s t a l l i z e d , a l though no d e f i n i t e new 
minera l s can be i d e n t i f i e d , i n t h e hand-specimen, \7hen meta-
morphosed, calcareous shales take on a creamy co lour , become 
porcel laneous i n appearance and are qu i t e hard and f l i n t y . Many 
o f these rocks con t a in , or cons i s t o f red-orange coloured, 
a d i n o l e - l i k e masses, which are i l l u s t r a t e d i n Pla tes 3.4 and 3 .5 . 
A r g i l l a c e o u s bands and lenses i n limestone are also meta-
morphosed t o c a l c - s i l i c a t e rocks as shown i n P la te 3.5 The 
c a l c - s i l i c a t e band i s seen i n a medium-grained, saccharoidal 
marble, t he j u n c t i o n between t h e two mate r i a l s i s qu i t e sharp 
but i r r e g u l a r . The band consis ts dominantly o f green, r e c r y s t a l -
l i z e d c h l o r i t e and c a l c i t e , i n which are set the red-coloured 
ad ino le masses mentioned above. Because o f t h e i r hardness and 
porcel laneous na ture , these c a l c - s i l i c a t e lenses have been mis -
i d e n t i f i e d by e a r l i e r workers . K n i l l (I966) and Kennard and 
K n i l l (1969) have erroneously i d e n t i f i e d metamorphosed a r g i l l a -
ceous hor izons interbedded w i t h l imestone, i n boreholes I 8 and 
19 at depths o f 3I and 21 m r e s p e c t i v e l y , as t h i n leaves of the 
^Thin S i l l , w i t h l imestone i n c l u s i o n s . The c a l c - s i l i c a t e lenses 
( P l a t e 3 .5) were i d e n t i f i e d by K n i l l (1966) as mixed Vftiin S i l l 
P l a t e 3 . i f Sample 35/4. G a l e - s i l i c a t e specimen, t h e lower 
boundary o f which i s t h e a c t u a l contact w i t h the 
Ti/hin. Red-coloured areas are c r y p t o c r y s t a l l i n e 
aggregates o f f e l d s p a r and qua r t z . •'(Thite and 
cream areas cons i s t ma in ly o f massive garne t , 
w h i l e remaining areas cons i s t dominant ly o f 
c a l c i t e and epidote w i t h some c l inopyroxene and 
p r e h n i t e . ('lYidth o f specimen, 6 cms) 
P l a t e 3 . 5 Sample 19/4. I r r e g u l a r , c a l c - s i l i c a t e lens i n 
medium-grained, saccha ro ida l marble i l l u s t r a t e d 
at eas tern s ide o f p l a t e . The m a j o r i t y o f lens 
cons i s t s o f r e c r y s t a l l i z e d c h l o r i t e , w i t h ep idote , 
throughout the lens but e s p e c i a l l y i n nor th-west 
corner o f t h e p l a t e . (Length o f specimen, 11.5 cms) 
P l a t e 3.6 Sample 4 0 / ? . Showing l a r g e e longate g ra ins o f 
w o l l a s t o n i t e . (x50) 
Pla te 3 .4 
Pla t e 3.5 
1% r 
Pla te 3.6 
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and l imestone and he described them as the products o f ' i n t i m a t e 
m i x i n g o f the sugary l imestone and T/hin t o f o r m a skarn rock 
banded i n dark green, red and g r e y ' . Petrographic examination, 
as descr ibed l a t e r , has shown t h a t these c a l c - s i l i c a t e rocks are 
i n f a c t , metamorphosed, a rg i l laceous .bands i n the l imestone . 
An i n t e r e s t i n g f e a t u r e of specimens f rom the upper contact 
o f t he Whin i n a. .number o f the Cow Green boreholes, i s the 
occurrence o f a hard, f l i n t y , s i l i c e o u s rock . B a s i c a l l y t h i s 
rock cons i s t s o f quartz and f e l d s p a r w i t h abundant sulphides and 
some c a l c i t e and i t has been recognised i n boreholes 41, 43, 44 
and 46 (samples 4L /36, 43/2, 44/5 and 46 /5 ) . A s i m i l a r f e a t u r e 
7;as a lso recorded by Har r i son (1968), w i t h the development o f a 
s i d e r i t e - p y r i t e - s i l i c a u n i t at t he upper contact of the Great 
Y/hin S i l l , i n the Woodland borehole . Har r i son a t t r i b u t e s the 
development o f t h i s u n i t t o a f i n a l residuum o f the T/hin, which 
has metasoraatized the immediate country rock . Pet rographic 
examinat ion o f the Cow Green samples shows t h a t these contact 
rocks were o r i g i n a l l y calcareous sediments, which have been 
metamorphosed. I n boreholes 43, 44 and 46 the \7hin i s i n t r u d e d 
at or w i t h i n 0.5 m o f a l imestone h o r i z o n . I t i s poss ib le t h a t 
the Whin has i n t r u d e d at the j u n c t i o n between a l imestone and 
sandstone, a plane o f grea ter weakness, and these s i l i c e o u s 
contact specimens represent small wafers o f sediment caught at 
the t op o f the s i l l on i n t r u s i o n . 
Pe t rographic d e s c r i p t i o n . 
Limestones, where pure, are r e c r y s t a l l i z e d t o a saccha-
r o i d a l marble , as descr ibed e a r l i e r . The a l t e r a t i o n pa t te rns 
developed i n impure l imestones depend upon the amount and nature 
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o f i m p u r i t i e s . One o f the s imples t i m p u r i t i e s i n l imestone i s 
quar tz and where t h i s i s present , w o l l a s t o n i t e i s t o be expected 
i f temperatures reached a s u f f i c i e n t l y h igh l e v e l . A w o l l a s -
t o n i t e - r i c h rock has been found at a limestone-sandstone j u n c t i o n 
and i n borehole 40 t h i s rock reaches 50 cms i n th ickness and 
cons i s t s main ly o f w o l l a s t o n i t e , c a l c i t e and some minor c l i n o -
pyroxene. The w o l l a s t o n i t e occurs as long , r a d i a t i n g c r y s t a l s 
up to 5 i n l e n g t h ( P l a t e 3 . 6 ) . An a s soc i a t i on of quartz , 
c a l c i t e and w o l l a s t o n i t e needles i s i l l u s t r a t e d i n P la te 3.7, 
t h e w o l l a s t o n i t e a c t u a l l y growing i n t o the quartz at p o s i t i o n A. 
This w o l l a s t o n i t e - r i c h rock i s found i n boreholes 40, 41 and 45, 
occur ing at 5.8, 7.2 and 7..1 m f r o m the contact r e s p e c t i v e l y . 
W o l l a s t o n i t e has been recorded p r e v i o u s l y f r o m the contact rocks 
o f the V/hin S i l l but Hutchings (I898) noted t h a t i t was only of 
r a re occurrence . 
Where l imestones con ta in smal l wisps and pockets o f c lay 
minera l s r a t h e r than quar tz , t he development of garnet i s found. 
Th i s i s seen i n sample 43/21, a f i n e - g r a i n e d , saccharoidal 
marble, 21 m i f rom the con tac t , which conta ins t h i n , grey-green, 
i r r e g u l a r wisps o f a r g i l l a c e o u s m a t e r i a l . I n t h i n - s e c t i o n the 
wisps, which are f u l l o f carbonaceous m a t e r i a l , are a d u l l , 
e a r t h y - b r o ™ colour and cons is t o f f i n e - g r a i n e d , r e c r y s t a l l i z e d 
s e r i c i t i c m a t e r i a l . Garnets are abundant i n these wisps and 
range up t o 1 mm i n s i z e , they are u s u a l l y concentrated around 
the edges o f the t h i n wisps o f m a t e r i a l (P la t e 3 . 8 ) . Y/here the 
garnets abut against t h e a r g i l l a c e o u s wisps, they are u s u a l l y 
x e n o b l a s t i c , f u l l o f i n c l u s i o n s and have abundant f r a c t u r e s . 
A mediiom-grained, saccharo ida l l imestone 6 m f r o m the 
P l a t e 3.7 Sample 40 /7 . Showing quar tz , ( c l e a r e r g r a i n s ) 
and c a l c i t e w i t h t h i r i , r a d i a t i n g gra ins o f 
w o l l a s t o n i t e . ffollastonite r e p l a c i n g quar tz at 
A. (xlOO) 
P l a t e 3.8 Sample 43/21. Showing j u n c t i o n between f i n e -
gra ined , a r g i l l a c e o u s h o r i z o n and saccha ro ida l 
. marble w i t h xenob l a s t i c garnets at t h e j u n c t i o n . 
(x50) 
P l a t e 3.9 Sample 2f4/l2. Smal l xenob la s t i c d a t o l i t e c r y s t a l s 
set i n a meditun-grained, saccharo ida l marble . 
(xlOO) 
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con tac t , w i t h on ly smal l amounts of i m p u r i t i e s , has c lu s t e r s o f 
s m a l l , g ranu la r , xenob l a s t i c c r y s t a l s rang ing i n s ize f r o m <,0.05 
t o 0.25 mm i n s i z e . These c r y s t a l s are r e a d i l y d i s t i n g u i s h a b l e 
f r o m t h e sur rounding c a l c i t e because o f t h e i r low-order i n t e r -
ference co lours (P l a t e 3 .9) and were i n i t i a l l y thought t o be 
m o n t i c e l l i t e . Fur ther o p t i c a l and e l e c t r o n mincroprobe work 
suggests t h a t they are d a t o l i t e , t h i s being the f i r s t recorded 
ins tance of t h i s m i n e r a l f r o m t h e contact rocks o f the \?hin 
S i l l au r eo l e . 
C a l c - s i l i c a t e lenses i n marbles 
C a l c - s i l i c a t e lenses, as seen i n P l a t e 3 .5, are w e l l developed 
i n the Melmerby Scar Limestone, i n boreholes 18, I9 , 43 and 44. 
These lenses va ry f r o m a few m i l l i m e t r e s up t o severa l c e n t i -
metres i n t h i cknes s , when the rocks grade i n t o calcareous shales . 
I n the m a j o r i t y o f cases t h e lenses have a sharp but i r r e g u l a r 
j u n c t i o n w i t h the enc los ing saccharo ida l marb le . R n i l l (I966) 
descr ibed these c a l c - s i l i c a t e rocks as the products o f the mix ing 
o f l imes tone and the Whin magma but pe t rographic examination 
shows them t o be s imply a r g i l l a c e o u s hor izons which have been 
metamorphosed. The equivalent unmetamorphosed m a t e r i a l i s 
present towards the edge of the metamorphic aureole,as seen i n 
borehole 47, where u n a l t e r e d wisps and lenses of shale are 
present i n grey l imestone over 25 m f r o m the s i l l contac t . I n 
some specimens c lose r t o the con tac t , the o r i g i n a l character of 
t h i s m a t e r i a l may also be seen. Sample 43/6, 1.5 m f rom the 
con t ac t , is- a c a l c - s i l i c a t e band inc luded i n a saccharoida l 
marble, c o n s i s i n g dominant ly o f greenish-coloured, r e c r y s t a l -
l i z e d c h l o r i t e i n which i s set a hard, red-coloured adinole band. 
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I n t h i n - s e c t i o n the red ad inole band cons is t s o f corroded quartz, 
set i n a f i n e - g r a i n e d , cloudy groundmass, which e l e c t r o n mic ro -
probe ana ly s i s (Chapter 7 ) has shora t o be sodic f e l d s p a r . A 
p o r t i o n o f the red band i s sho-wn i n P l a t e 3.10, where quartz 
g ra ins are set i n a f i n e - g r a i n e d m a t r i x o f f e l d s p a r . The 
o r i g i n a l charac ter o f the f e l d s p a r matrix: i s r a r e l y seen but i n 
places f i n e - g r a i n e d s e r i c i t e i s v i s i b l e and represents the 
o r i g i n a l i l l i t e m a t r i x . An area o f s e r i c i t e ' surrounded by f i n e -
grained f e l d s p a r i s shown i n P l a t e 3.11. The hard, f l i n t y 
charac ter o f t h e red bands i s t h e r e s u l t o f cementing of the 
quartz g ra ins by the f o r m a t i o n o f the f i n e - g r a i n e d f e l d s p a r . 
Normal ly , the o r i g i n a l i l l i t i c m a t e r i a l , i n these lenses, 
i s comple te ly a l t e r e d as i n sample 43/6 . I n t h i s specimen, the 
red-co loured m a t e r i a l cons i s t s dominantly o f very f i n e - g r a i n e d 
f e l d s p a r and quartz , ba re ly resolved u s i n g xlOO m a g n i f i c a t i o n . 
T h i s c r y p t o c r y s t a l l i n e m i x t u r e o f f e l d s p a r and quartz i s a 
t y p i c a l a d i n o l e . Coarser-grained f e l d s p a r i s present i n some 
areas as shown i n P l a t e 3.12, here the nor th-east corner consis ts 
o f f i n e - g r a i n e d f e l d s p a r , w h i l e the r e s t of the f i e l d o f view 
shows coarser f e l d s p a r w i t h minor qua r t z . A l l the f e l d s p a r has 
a r e d d i s h - c o l o u r which i s e s p e c i a l l y seen i n p lane -po la r i sed 
l i g h t , a l though areas o f a deepish red co lour may be seen i n 
P l a t e 3 .12. Rarely , f e l d s p a r l a t h s up t o 1.5 mm i n l eng th 
showing a l b i t e t w i n n i n g may be seen, as i n P la te 3.13. These 
fe ldspars are also red i n colour but i n t h i s P l a t e , i n d i v i d u a l , 
i r r e g u l a r g r a in s o f haemati te are present , w i t h t r ans lucen t 
red edges. 
Associa ted w i t h the red ad ino le bands i n hand-specimen are 
P l a t e 3.10 Sample 43/6. Showing corroded quar tz g r a in s set 
i n a m a t r i x o f f i n e - g r a i n e d f e l d s p a r . (xlOO) 
P l a t e 3.11 Sample 43 /3 . C e n t r a l area o f l i g h t - c o l o u r e d , 
f i n e - g r a i n e d s e r i c i t e , surrounded by darker , 
f i n e - g r a i n e d f e l d s p a r and q u a r t z . (x80) 
P l a t e 3.12 Sample 43 /3 . C o n s i s t i n g dominant ly o f r e d -
coloured f e l d s p a r , v d t h f i n e - g r a i n e d m a t e r i a l i n 
t h e nor th -eas t c o r n e r . (xlOO) 
Pla te 3.10 
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Pla te 3.11 
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Pla t e 3.12 
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l a rge areas o f m a t e r i a l which i s f i n e - g r a i n e d and green i n c o l o u r . 
These areas have a v a r i e d mineralogy, the dominant minera ls 
present are f i n e - g r a i n e d c h l o r i t e , garnet and c a l c i t e . The 
c h l o r i t e c o n s t i t u t e s t h e general groundmass, r ang ing f r o m very-
f i n e - g r a i n e d mia te r ia l t o r a d i a t i n g clumps o f c r y s t a l s up t o 4 mm 
i n l e n g t h ( P l a t e 3 . 14 ) . Th is c h l o r i t e must represent o r i g i n a l 
sedimentary c h l o r i t e which has r e c r y s t a l l i z e d i n response t o the 
metamorphism. In te rgrown w i t h t h i s c h l o r i t e , as i n sample 43/3, 
are c r y s t a l s of poss ib le amphibole, a l though exact i d e n t i f i c a t i o n 
i s d i f f i c u l t because of the f i n e - g r a i n e d nature o f the m a t e r i a l . 
Garnet appears abundantly i n t h i s c h l o r i t e m a t r i x , showing a 
great v a r i e t y i n f o r m and g r a i n - s i z e . I t o f t e n forms l a rge , 
g ranular masses due t o the coalescence of numerous s ing le g r a i n s . 
The garnets are u s u a l l y crowded w i t h i n c l u s i o n s o f quartz , 
c a l c i t e and carbonaceous m a t e r i a l . Y/here i n d i v i d u a l garnet 
g ra ins have not coalesced completely, a v a r i e t y o f i n t e r s t i t i a l 
minera ls may be present . An area o f f i n e - g r a i n e d c h l o r i t e w i t h 
i d i o b l a s t i c epidote c r y s t a l s , surrounded by massive garnet 
crowded w i t h i n c l u s i o n s , i s shown i n P la te 3 .15. Garnet always 
forms as a r i m t o the adinole areas described above, as sho-vm i n 
P l a t e 3.16, here the garnet i s seen t o border very f i n e - g r a i n e d 
f e l d s p a r i n t h e n o r t h o f the P l a t e . The same f e a t u r e i s sho-vvn 
i n P l a t e 3.17, where a smal l lens of coarser -gra ined fe ldspa r 1 mm 
l o n g , i s surrounded by a narrow r i m (O.04 mm) of xenoblas t ic 
ga rne t . The •v\iiole lens i s set i n a m a t r i x of r a d i a t i n g c h l o r i t e 
w i t h c r y s t a l s o f c a l c i t e and s u b - i d i o b l a s t i c garnets . A minera l 
always o c c u r r i n g as an i n t e r s t i t i a l phase t o garnet i s p rehn i t e , 
which i s shown i n the southern par t o f P la te 3 . I 6 . Garnets i n c -
luded i n t h e p r e h n i t e or growing , i n t o i t (P la te 5 .2 ) , have 
Pla t e 3.13 Sample 44 /9 . Feldspar l a t h s , showing a l b i t e 
t w i n n i n g , assoc ia ted w i t h i r r e g u l a r g ra ins o f 
haemat i te . Opaque gra ins are haemat i te . (xlOO) 
P l a t e 3.14 Sample 43/22. Showing r a d i a t i n g g ra ins of 
c h l o r i t e associa ted w i t h epidote and set i n a 
f i n e - g r a i n e d c h l o r i t i c m a t r i x . (xlOO) 
P l a t e 3.15 Sample 43/3 . I d i o b l a s t i c ep ido te c r y s t a l s i n 
a f i n e - g r a i n e d c h l o r i t i c m a t r i x , surrounded by 
massive garnet crowded w i t h i n c l u s i o n s . (xlOO) 
.52. 
Pla t e 3.13 
P la te 3.14 
P la t e 3.15 
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i d i o b l a s t i c o u t l i n e s -whereas the edges a b u t t i n g against the f i n e -
grained f e l d s p a r area, show n o n - r a t i o n a l boundaries. This record 
o f p r e h n i t e , i s t he f i r s t occurence i n the I h i n S i l l aureo le . 
Occas iona l ly minor amounts o f other minera ls such as i d o -
crase and w o l l a s t o n i t e are seen i n c a l c - s i l i c a t e lenses i n t h e 
marble . 
Calcareous shales 
Calcareous shales are p a r t i c u l a r l y developed at l imes tone-
shale j u n c t i o n s and show, s imi l a r a l t e r a t i o n pa t te rns t o the c a l c -
s i l i c a t e lenses descr ibed above. D i f f e r e n c e s are present , mainly 
i n the p r o p o i ' t i o n of su lphide m a t e r i a l present , due t o i t s 
concen t r a t ion at l imes tone-sha le j u n c t i o n s . A mudstone band 1 m 
f r o m the c o n t a c t , i n the Melmerby Scar Limestone {kl^/ll), shows 
the development o f a c a l c - s i l i c a t e band -with abundant su lph ides . 
The su lph ide i s mainly p y r i t e , a l though some p y r r h o t i t e i s present 
i n sample 2+4/28. The j u n c t i o n between t h e shale and l imestone 
i s marked by s u b - i d i o b l a s t i c garnets which are r e l a t i v e l y f r e e 
o f i n c l u s i o n s . Red-coloured ad ino le bands are also present i n 
these calcareous shales and are u s u a l l y set i n a c h l o r i t i c 
groundmass h e a v i l y charged w i t h carbonaceous mat te r . Elongate 
needles o f a p a t i t e are u s u a l l y ab^dant and are o f t e n seen growing 
i n t o garnet ( P l a t e 5 . 3 ) . Small c a l c i t e modules, i n these shales, 
u s u a l l y show the main mine ra l development. A c a l c i t e module, 
f r o m sample 43 /22, i n which new mine ra l gro-yvth i s seen, i s 
i l l u s t r a t e d i n P l a t e 3 .18. I d i o b l a s t i c grains- o f epidote 
up t o 1.2 mm i n l e n g t h are set i n c a l c i t e and are associated 
w i t h r a d i a t i n g c r y s t a l s o f c h l o r i t e and s u b - i d i o b l a s t i c 
garnets which show an i so t rop i sm. V/here the shale and carbonate 
P l a t e 3.16 Sample 43 /3 . P ine -g ra ined f e l d s p a r occupying 
c e n t r a l and no r the rn areas o f the p l a t e , w i t h 
a narrow r i m o f garnet , assoc ia ted w i t h p r e h n i t e , 
i n t he ve ry south o f t h e p l a t e . (x l50) 
Analyses Wb/-K t o 9 F ine -g ra ined f e l d s p a r , 6 p o i n t s 
(Appendix ^.2). 
P l a t e 3.17 Sample 43 /3 . Small lens o f f e l d s p a r rimmed by 
garnet and set i n r a d i a t i n g c h l o r i t e w i t h 
c r y s t a l s o f c a l c i t e and s u b - i d i o b l a s t i c ga rne t . 
(xlOO) 
P l a t e 3.18 Sample 43/22. Elongate g ra ins o f i d i o b l a s t i c 
epidote i n a c a l c i t e m a t r i x , w i t h assoc ia ted 






f r a c t i o n have been more admixed the re i s the development o f a 
c r y p t o c r y s t a l l i n e mix tu r e o f f e ld spa r and quartz , associated 
w i t h f i n e - g r a i n e d , granular epidote as i l l u s t r a t e d i n P la te 3 .19. 
An unusual development o f a banded, c a l c - s i l i c a t e rock 6 cms 
t h i c k , i s seen at t h e TlJhin contact i n borehole 35. A po l i shed 
sur face o f t h i s specimen (35/4) i s i l l u s t r a t e d i n P la te 3.4, 
which shows t h e banded nature of t h e sample. The lower darkened 
sur face i s t h e a c t u a l contact w i t h the Whin; t h i s and the r e d -
coloured m a t e r i a l cons i s t o f a c r y p t o c i y s t a l l i n e mix ture o f 
quartz and f e l d s p a r . The w h i t e - g r e y i s h bands cons is t o f massive 
garnet , which i s f u l l o f i n c l u s i o n s o f quartz and c a l c i t e . 
Various mine ra l s are found i n t e r s t i t i a l t o the garnet , smal l 
g ra ins o f xenob l a s t i c pyroxene w i t h some p rehn i t e and included 
needles o f a p a t i t e are present i n sample 35/4. The greenish and 
f a i n t pu rp l e coloured bands (P la t e 3 .4) consis t o f va r ious 
mix tures o f f i n e - g r a i n e d ep idote , c a l c i t e w i t h some pyroxene. 
Epidote i s v e r y abundant, P l a t e 3.20 shows f i n e - g r a i n e d , xeno-
b l a s t i c ep ido te which i s i n o p t i c a l c o n t i n u i t y . No o r i g i n a l 
sedimentary m a t e r i a l was seen i n t h i s p a r t i c u l a r sample, which 
i s unusual as c h l o r i t e i s u s u a l l y present i n most samples. 
SPATIAL DISTRIBUTIOM OF MINERALS FROM MRIN SILL CONTACT 
The s p a t i a l d i s t r i b u t i o n o f minera ls i n the Whin S i l l 
aureole . Upper Teesdale, i s shown i n F i g . 3 .3 . 
Epidote i s the most w i d e l y d i s t r i b u t e d mine ra l i n the 
aureole and extends t o over 25 m f r o m the con tac t . The a c t u a l 
d i s t ance t o which i t extends i s not knovm because i n boreholes 
46 and 47 t h e upper contact o f the Wiixi was not entered. The 
extent o f metamorphism and the presence o f a hard, quar tzo-
P l a t e 3.19 Sample 44/5 . F ine -g ra ined mix tu r e o f f e l d s p a r 
and quar tz w i t h g ranu la r , f i n e - g r a i n e d ep ido te . 
(xlOO) 
P l a t e 3.20 Sample 35/4 . P ine -g ra ined , x e n o b l a s t i c epidote 





f e l d s p a t h i c r ock , at t he base of borehole 46 i s , however, 
suggest ive t h a t the s i l l i s qu i t e c lose i n t h i s borehole . 
Garnet extends almost as f a r as epidote and i s found t o 
almost 23 m f r o m the con t ac t . Th i s appears t o mark a f a i r l y 
w e l l d e f i n e d l i m i t t o the f o r m a t i o n o f garnet, as t h e appro-
p r i a t e rock type i s seen i n samples 47/10 and 47/9 but no garnet 
i s developed. There appears t o be a break i n occurence o f these 
two mine ra l s between 10 and 20 m, but i t i s more apparent than 
r e a l because o f the l a c k o f samples o f appropr ia te composit ion 
over t h i s range. 
Feldspar i s recorded f rom the contact t o almost 11 m 
d i s t a n t , but i t s a c t u a l l i m i t i s not known, a l though i t i s not 
recorded f r o m the samples g rea te r than 20 m f r o m the contac t . 
The remain ing mine ra l s , as shown i n F i g . 3 .3 , are r e -
s t r i c t e d t o TO-thin 8 m o f the con tac t . Th is r e s t r i c t i o n i s r e a l , 
as samples o f appropr ia te b u l k composi t ion are found bet-ween. 8 
and 10 m and g rea te r than 20 m f r o m the contac t , but these 
minera l s are not recorded at these d i s tances . The r e s t r i c t i o n 
o f p r e h n i t e t o w i t h i n 8 m f r o m the contact i s unusual because i t 
i s a low-temperature mine ra l and might have been expected at 
g rea te r d is tances f r o m the con tac t . 
mm SILL IvlETAMOEPHISM IN ABEAS OUTSIDE UPPER TEESDALE 
The metamorphic e f f e c t s described i n the preceding pages 
are those found p a r t i c u l a r l y i n sediments f r o m above the upper 
contact o f the Whin S i l l , i n the Cow Green area of Upper Teesdale. 
I n t h i s area metamorphism i s at a maximum, elsewhere the meta-
morphism associa ted w i t h t h e s i l l i s very r e s t r i c t e d . 
The B a r r a s f o r d area, Northumberland, shows the second 
Figure 3.3 S p a t i a l d i s t r i b u t i o n o f minera l s f r o m TiThin 
S i l l con t ac t . 
Sample numbers f o r t y p i c a l examples are shown agains t each l i n e , 
d o t t e d l i n e i n d i c a t e s absence o f a. m i n e r a l due t o l a c k o f 
specimens o f appropr i a t e compos i t ion . 
,58. 
F igure 3.3 
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grea tes t metamorphic e f f e c t , w i t h the development o f idocrase, 
garnet and pyroxene i n impure l imestones and i r o n - r i c h bands, as 
described by Smythe (1950) and Randall (1959). Much o f t h i s 
m i n e r a l development, however, i s seen i n a l imestone r a f t inc luded 
i n the s i l l , but m ine ra l development i s also recorded f r o m 
impure l imestones adjacent t o the s i l l , w i t h garnet and idocrase 
developed w i t h i n 1 m o f the contact (Smythe, 1950). 
I n t h e Rookhope and Woodland boreholes (Dunham et a l . , I965; 
Ha r r i son , I968) metamorphism i s v i r t u a l l y non-ex i s ten t , i n 
comparison. I n d u r a t i o n o f the sediments has occurred, and s p o t t i n g 
i s developed up t o 40 m f r o m t h e con tac t . S i m i l a r l y i n the 
Ninebanks borehole , s p o t t i n g and i n d u r a t i o n has occurred but a 
s m a l l , calcareous nodule 4 m f r o m the lower contac t , shov/s the 
presence o f r e c r y s t a l l i z e d c h l o r i t e and i d i o b l a s t i c quar tz . 
Samples f r o m c lose t o the contact i n . t h e Throckley borehole, 
,Northumberland, have been examined by k i n d permission o f 
D r . A. C. Dunham. I n these samples, development o f minor garnet 
i s seen i n an impure l imestone less than 1 m f r o m the contac t . 
COI^ 'iPARISONS 'mn OTHER DOLERITE INTRUSIONS 
The minera logy developed i n the contact aureole o f the 
•y/hin S i l l i s q u i t e s i m i l a r t o t h a t described r e c e n t l y by Van 
Houten (I971), associa ted w i t h diabase s i l l s i n the New Jersey 
area. C a l c - s i l i c a t e h o r n f e l s i s developed w i t h i n 50 m o f a 
s i l l and con ta ins d iops ide-hedenberg i te , andrad i te , g rossu lar , 
p r e h n i t e , d a t o l i t e , idocrase and w o l l a s t o n i t e . Major meta-
morphic e f f e c t s are de tec tab le t o about 134 and 200 t o 240 m 
above 90 and 250 t o 300 m s i l l s r e s p e c t i v e l y . The metamorphism 
i s more ex tens ive than t h a t associated w i t h t h e Tftiin S i l l , as 
.60. 
metamorphic mine ra l assemblages a r e ' o n l y detec table t o approximately 
25 m f r o m the 73 m i n t r u s i o n i n Upper Teesdale. The diabase 
s i l l s o f t h e New Jersey area are, however, par t o f the Palisade 
i n t r u s i o n , i n which d i f f e r e n t i a t i o n , pos s ib ly due to convective 
c i r c u l a t i o n o f the magma (Van Houten, I969) i s w e l l developed. 
The a s s o c i a t i o n o f a number o f t h i c k s i l l s showing convect ive 
c i r c u l a t i o n , probably accounts f o r the g rea te r metamorphism seen 
i n the New Jersey area, as compared t o the TOiin S i l l aureole . 
Phemister and MacQregor (1942) recorded g rossu la r / andrad i t e 
garnet and d a t o l i t e i n an impure l imestone, w i t h i n 10 m of a 
t h i c k s i l l o f q u a r t z - d o l e r i t e near K i r k c a l d y , F i f e . 
Conclusions 
I n the Whin S i l l aureole , calcareous sediments show the 
greatest metamorphic e f f e c t and new minera l assemblages are 
developed over 25 m f r o m the c o n t a c t . C a l c - s i l i c a t e lenses, 
found i n marbles, have been der ived f r o m the metamorphism o f 
a r g i l l a c e o u s lenses i n the l imestones and are not formed as a 
r e s u l t o f t h e m i x i n g o f '*?hin magma and limestone.. 
The main minera ls developed are as f o l l o w s : - garnet, 
sodic f e l d s p a r , ep ido te , w o l l a s t o n i t e , idocrase, c l inopyroxene, 
amphibole, p r e h n i t e and d a t o l i t e . Of these minera ls prehni te 
and d a t o l i t e and recorded f o r the f i r s t t ime i n t h e ll?hin aureo le . 
V t o l l a s t o n i t e , which has been found p r e v i o u s l y i n only smal l 
amounts, occurs i n places at the j u n c t i o n o f the Lower Robinson 
and u n d e r l y i n g sandstone, i n a band up t o 50 cms t h i c k . The 
sodic f e l d s p a r occurs i n c r y p t o c r y s t a l l i n e , red-coloured adinole 
masses, which are found i n t h e c a l c - s i l i c a t e lenses. 
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Garnet and epidote are bo th found over 20 m f r o m the contact , 
epidote ex tend ing t o over 25 m. The remaining minerals mentioned 
above, are r e s t r i c t e d main ly t o w i t h i n 10 m f r o m the con tac t . 
Appendix 3 .1 Separat ion o f c l a y - f r a c t i o n 
I n order t o o b t a i n reasonable peaks and easier i d e n t i f i c a t i o n , 
a l l the samples X-rayed f o r c lay mine ra l polymorph and c r y s t a l -
l i n i t y were separated as f o l l o w s . 
Samples were i n i t i a l l y cnjshed u s ing a r o l l - j a w crusher and 
then the sample was coned and quar te red . The sample was then 
f u r t h e r crushed u s i n g a tungs ten-carb ide b a l l - m i l l ; This method 
was p r e f e r r e d . t o the Tema d i s c - m i l l which would poss ib ly have 
r e s u l t e d i n the deformat ion and a l t e r a t i o n o f the c r y s t a l l a t t i c e . 
The r e s u l t a n t powder f r o m the b a l l - m i l l was c e n t r i f u g e d i n y/ater 
f o r 2 t o 4 minutes , and then t h e upper l aye r , c o n s i s t i n g mainly o f 
c lay m i n e r a l s , was removed w i t h a spatula and d r i e d gen t ly i n an 
oven at 80°C. Th i s powder, on X - r a y i n g , proved s u f f i c i e n t l y pure 
f o r the purpose o f polymorph i d e n t i f i c a t i o n . 
An es t imate o f t h e p u r i t y achieved us ing t h i s method was 
obta ined by t h e q u a n t i t a t i v e measurement of quartz present i n t h e 
sample. This was done by a d i f f e r e n t i a l thermal ana lys i s method 
(D.T.A . ) i n v o l v i n g the•measurement o f t h e quartz i n v e r s i o n peak 
( | 3 t o '<« ) on t h e c o o l i n g curve o f the D.T.A. a n a l y s i s . Known 
amounts o f quartz were d i l u t e d w i t h alumina, which was also used 
as the r e fe rence m a t e r i a l . The displacement o f the quartz 
i n v e r s i o n peak f r o m the base - l ine was measure!for each concen-
t r a t i o n and averaged over tv/o runs before a c a l i b r a t i o n curve 
was p l o t t e d . 
Using t h i s c a l i b r a t i o n curve, a normal sample of shale 21/8 
was separated i n the above manner and then run on t h e D.T.A. t o 
o b t a i n a c o o l i n g curve . The o r i g i n a l unseparated sample averaged 
over two runs gave a va lue o f 40^ quartz w h i l e the samples run 
a f t e r c e n t r i f u g i n g gave a va lue o f less than A reduc t ion i n 
quartz,, amounting t o over 8C^ of the o r i g i n a l amount, has been 
achieved i n a v e r y smal l t ime (2 t o 4 minu te s ) . For normal Tvork 
t h i s method proves i t s e l f super io r t o the time-consuming sus-
pension method of c l a y separa t ion . 
Appendix 3.2 1-ray d i f f r a c t i o n o f separated c l a y - f r a c t i o n s 
The samples were run on a P h i l l i p s PW II30 generator of 2KI7 
r a t i n g , w i t h a Co X-ray t u b e . The cond i t ions f o r ana lys i s are 
g iven be low; 
Ra t ing 2KW Sca t t e r s l i t 1° 
Target Co A t t e n u a t i o n 1 v o l t 
F i l t e r Pe Window 12 v o l t s 
KV 60 Rate meter 4 
M 30 Time constant 4 
Divergence s i i t 1° Scanning speed | - °29 /minu te 
Rece iv ing s l i t 0 . 1 ° Chart speed 80 cm per hour 
P r o p o r t i o n a l counter w i t h d i s c r i m i n a t o r , was used throughout . 
The char t speed used, was t h a t g i v i n g the l a r g e s t peaks cons is ten t 
w i t h r e p r o d u c i ^ b i l i t y . 
C a v i t y mounts were used r a the r than smear mounts which tend 
t o .produce some o r i e n t a t i o n o f l ayered s i l i c a t e s . Each sample 
0 
was o s c i l l a t o r y scanned over the range 8 t o 12 A, f o r th ree 
readings and then a second c a v i t y mount, o f the same sample, was 
scanned t h r e e t imes and the c a l i b r a t i o n data (Appendix 3.3) are 
based on t h e average of the s i x readings . 
Appendix 3.3 C a l i b r a t i o n data f o r c r y s t a l l i n i t y and polymorphism 
o f i l l i t e 












w i d t h 
Polymorp! 
43/30 31.0 7.6 27 3.6 IMd 
40/26 30.2 13.7 37 2.7 IMd 
43/28 30.2 8.:0 34 4 .2 IMd 
43/27 29.1 7.6 28 3.7 IMd 
40/25 28 .6 7.4 26 3.5 i m 
40/23 25.9 8 .7 114 13.1 2M 
M-/20 24.4 9.3 21 2.3 IM, IMd 
43/23 22 .1 5 .8 24 4 . 1 IM, IMd 
40/16 18 .4 12 .4 38 3 . 1 IM 
41/15 16.8 8.2 84 10.2 IM 
40/15 14.9 6.3 86 13.7 2M 
43/16 13.2 4.3 24 5.6 IMd 
Vf/14 . 10.8 5 . 1 84 16.5 2M 
40/11 9.1 4.7 95 20.2 2M 
hh./lO 4 . 8 . 4 .6 53 11.5 IM, 2M 
40/6 4.7 6 .8 60 8.8 IM 
43/9 4.7 5.1 199 • 39.0 2M 
44/32 3.9 6.3 85 13.5 IM, 2M 
40/5 3.5 5.9 46 7 .8 IM 
43/8 3.2 5.8 225 38.8 2M 
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CHAPTER 17 
WHOHE ROCK GEOCHElVlISTRY 
ARGILLACEOUS SEDIMENTS - MJQR ELEIfcNTS 
A sui te of argillaceous sediments, from boreholes at Rookhope 
and Upper Teesdale, have been analysed f o r eleven major elements 
by X-ray fluorescence. The results of the analyses are tabulated 
i n Appendix I+.l. One of the main aims of the study was to examine 
equivalent metamorphosed and unmetamorphosed beds to establish 
whether any r e d i s t r i b u t i o n of major elements had occurred during 
the metamorphism. The samples of unaltered sediments were obtained 
from the Lower Limestone Group of the Rookhope borehole, which are 
s t r a t i g r aph ica l l y equivalent to the metamorphosed beds of Upper 
Teesdale. 
Par t icu lar emphasis was placed on the a l k a l i (Na20,K20) 
content of the sediments, i n order to re-examine Hutchings's 
proposal (l895j I898) that there has been a metasomatic t ransfer 
of a lkal ies from the Y/hin S i l l to the metamorphosed sediments. 
Results of a l k a l i determinations 
Plots of Na^ O and KgO weight percent i n samples are shown -
against borehole depth i n Pigs, k-.l and 4 ,2 . The f i r s t Rookhope 
borehole section shows the concentration of the two oxides i n 
sediments from the unmetamorphosed Lower Limestone Group. In 
these, Na20 i s consistently below 1%, K2O is more variable 
ranging f rom'4 to jfo. These values are t y p i c a l f o r 'normal' 
shales wi th KgO i n excess of Na20, which is usually less than ifo. 
The remaining f i v e sections show plots of samples from various 
Figure if . 1 Var ia t ion i n Na20 and concentrations i n the 
argillaceous sediments. 
Borehole depth shoivn adjacent to each sect ion. The table 
beneath the f i r s t borehole section shows Na20 and K2O values 
f o r i nd iv idua l samples from boreholes not i l l u s t r a t e d . 
Legend 
Limestone 
Argillaceous and arenaceous sediments 
mi in S i l l 
ROOKHOPE Rookhope borehole 
B.40 
B . U 
B.43 
B.i44 












Melmerby Scar Limestone 
Lower Robinson Limestone 
Upper Robinson Limestone 
Peghorh Limestone 
Smiddy Limestone 
Tyne Bottom Limestone 
Single Post Limestone 
Na20 values • 
K2O values 
separated Na20 values 
separated K2O values 
Figure 4 .1 
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boreholes up to 1+5 m from the T/hin S i l l contact. 
In the second Rookhope borehole section (Pig . 4 .1) , above 
the Great ?fliin S i l l , Na^ O remains below l^ o f o r a l l samples. 
K2O is more variable , ranging mainly from 2 to 6/0 but no p a r t i -
cular v a r i a t i o n . i s seen. Borehole 40, from Cow Green, also shows 
Na20 below Ifo except f o r one sample (40/16) wi th 1.3^ WagO. 
S imi l a r ly i n borehole 41 only one sample (41/36) has a Na20 value 
higher than ifo, and i n t h i s case i s at the v i r t u a l contact. 
Boreholes 43 and 4^, however, show samples w i t h widely varying 
Na20 content. In these sections (Pig . 4 .2) , sediments up to 10 m 
from the contact have Na20 less than 1%, while samples closer to 
the contact show a large va r i a t i on 
In borehole 43, a maximum Na20 content of almost l^i i s seen 
i n a calcareous shale (43/10), at a depth of 48.9 m. The two 
shale samples 43/9 and 43/8, below 43/10, show low Na20 of O.^/o 
and 0.4/^, respectively. A horizon of the Melmerby Scar Limestone 
i s present i n borehole 43, f o r a distance of 2.5 m from the 
contact, i n which are several t h i n , ca l c - s i l i ca t e bands (described 
i n Chapter I I I ) . Specimens of t h i s material have been separated 
from the carbonate matrix and analysed. The material separated 
from these lenses shows a high Na20 content, i n samples 43/4 and 
43/5, of 3.1i!& and 2.2fii respect ively. A s imi la r relat ionship of 
high Na20 content from c a l c - s i l i c a t e lenses i n limestone is seen 
i n borehole 2^4. Samples 44/7S and Zj4/9S,at :depths of 31.7 and 
29.9 m respectively, are separated samples containing 3«6?i and 
5.1>d Na20. In the centre of a shale horizon, less than 2 m above 
sample 44/9S, the sample 44/10 (at a_depth of 28.3 m) shows less 
than 1% Na^O, while at the upper, junction of t h i s shale horizon 
Figure 4.2 Var ia t ion .in Na20 and K2O concentrations of 
sediments i n boreholes 43 and 44. 
Borehole depth shoY/n adjacent t o each section. Symbols, 
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wi th a limestone, sample 4 4 / 1 1 contains over 2;b Na^O. In t h i s 
specimen a t h i n , red f l i n t y band was ca re fu l ly separated and on 
analysis gave almost 5.3/0 of NagO. An increase of Na20 is also 
seen i n beds below the s i l l , as seen i n borehole 4i t . . 
There appears to be no consistent change i n K2O content i n 
r e l a t i o n to the va r i a t ion i n Na20 content. In a few instances 
appears depleted when Na20 i s increased. This is seen i n 
samples 4 3 / 4 and 4 3 / 5 , at depths of 5 3 . 5 and 5 3 . 1 m, where KgO 
is l.Oji and l . l f o which i s unusually low f o r these sediments. In 
other samples there appears t o be l i t t l e change, as i n sample 
44/9S, which has a KgO content of 2 . 6 ^ . The depletion of K2O i n 
some cases may be explained by the reaction of i l l i t e wi th Na to 
form sodic feldspar, i n which most of the Na is found, wi th the 
resultant release of in t e r - l aye r K, which is then subsequently 
concentrated to form potassic feldspar . Electron microprobe 
analysis (Chapter V) has shovm the "presence of f ine-grained, 
potassic feldspar i n narrow vein le ts wi th in some of these calc-
s i i i c a t e lenses. 
Also shown i n F ig . 4 .1 i s a table wi th several a l k a l i deter-
minations of Na20-riGh beds from other boreholes. 
Signif icance of a l k a l i determinations 
The analyses show that there has been patchy addition of 
Na to argillaceous sediments i n the aureole of the s i l l . There 
i s no steady increase of Na20 towards the s i l l but the affected 
sediments l i e mainly wi th in 10 m of the contact. This increase 
was observed by Hutchings (I898) who noted the i r regular pattern 
but was unable to explain i t s nature. In the present i n v e s t i -
gation, a d e f i n i t e corre la t ion exists between the NagO content 
. 6 7 . 
and environment of the sample. The samples shmving high Na20 i n 
boreholes 4 3 and 4 4 occur as ca l c - s i l i c a t e lenses wi th in limestones 
or as calcareous shales at shale-limestone junctions. Shales free 
from calcareous material do not show any change i n a l k a l i content 
from unaltered sediments. 
Conclusions 
Sodium is found to be increased i n the metamorphosed sedi-
ments of the Whin S i l l aureole. The increase appears to be 
confined to calcareous shales or ca l c - s i l i ca t e lenses i n limestone, 
mainly w i t h i n 1 0 m of the contact. Potassium does not increase 
but i n a few cases i t is depleted probably due to breakdown of 
i l l i t e to form sodic feldspar, w i t h the release of the i n t e r -
layer K. 
FACTOR ANALYSIS OF MAJOR ELEMEMTS 
The re lat ionship between the a l k a l i content of sediments 
and the metamorphism has been discussed above. To examine what, 
i f any, e f f e c t the metamorphism has had on the d i s t r i bu t i on of 
the remaining major elements, the data have been processed using 
R-mode f ac to r analysis. By t h i s method, a complex pattern of 
variables i s reduced to a series of united factors which are more 
readi ly interpreted than the raw data. 
Twelve variables have been used i n the analysis, eleven of 
which are the normal major elements. The other variable is the 
distance of each sample from the l^hin contact, which provides 
some hypothetical notation of metamorphic e f f e c t . The fac tor 
analysis has been achieved using a computer programme wr i t t en by 
M.J. Reeves and described by Reeves and Saadi ( 1 9 7 1 ) . A l l data 
.68. 
were transformed to logarithms before analysis, because d i s t r i b u -
t i o n of elements i n nature approaches lognormal rather than 
normal. 
The eigenvalues, cumulative percentages and fac tor matrices 
determined are given i n Table 4 . 1 , which shows that there are 
four main factors accounting f o r over 9O/0 of the observed chemical 
variance. On passing from the varimax (Table 4 . I B ) to the promax 
(Table 4 . 1 C ) solut ion, i t i s seen that the minor loadings i n 
factors 2 and 4 are removed while many of the strong loadings 
are increased. 
In te rpre ta t ion of factors 
Four main factors are extracted, representing some ^Ofo of the 
t o t a l variance of the data. Over 40/'^ o f the variance i s explained 
by f ac to r 4 . 
Factor 1 
This f a c t o r accounts f o r the variance i n Na20 content and 
distance from contact. The distance has a negative loading 
against the pos i t ive Na20 var iable . Thus as distance from the 
contact decreases, there is an increase i n Na20 content. This 
f a c t o r i s interpreted as a metamorphic feature which has been 
described previously. There i s also a small posi t ive loading f o r 
TiO^, but as th is only l i e s s l i g h t l y above the significance level 
of 0.25, i t i s of doubt fu l s igni f icance . 
Factor 2. 
Posi t ive loadings are present fo r Fe203, IvigO, MnQ and S. 
Although fclnO and S show high loadings the i r significance i s 
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Loadings less than 0.250 omitted 
.70. 
doubtful because of the low concentrations of these elements. 
The loadings f o r Fe20^ and LigO suggest th i s fac tor i s due to i 
v a r i a t i o n i n ch lo r i t e content of the samples, while the small 
negative loading f o r Si02 (Varimax) i s suggestive of a f a l l i n quartz 
content wi th increase i n c h l o r i t e . 
Factor 3 
This fac tor i s bipolar w i th pos i t ive loadings f o r CaO and 
P20^. The high loading f o r P2O5 is again suspect due to low 
concentration. The large single loading remaining i s probably 
ind ica t ive of va r i a t ion due to carbonate content. 
Factor 4 
Pos i t ive loadings are present f o r Al20^, K2O and'Ti02' 
(,pr'omax)- w i t h a negative loading against Si02. The high loadings 
f o r AI2O3, K2O and Ti02 point to i l l i t e content accounting f o r 
the observed v a r i a t i o n . As the i l l i t e clay f r a c t i o n increases 
the quartz content decreases, explaining the negative loading 
on Si02. 
Conclusions 
R-mode fac tor analysis has shown that four factors account 
f o r over 9C^ of the observed chemical va r i a t ion . Of these 
fac to rs , 2, 3 and 4 are sedimentary features. Factor 4 i s 
dominant, w i th the change i n i l l i t e percentage accounting f o r 
more than kOfo o f the v a r i a t i o n . 
Factor 1, co r re la t ing Na20 wi th distance from content, is 
in terpreted as a metamorphic feature and as such i s the only 
v a r i a t i o n i n major element geochemistry of the sediments which 
. 7 1 . 
can be explained by the contact metamorphism. This fac tor only 
accounts f o r just over 10;^  of the chemical var ia t ion and, there-
fore , i s of minor volumetric importance compared to the other 
f ac to r s . 
ARGILLACEOUS SEDMENTS - TRACE ELEIENTS 
Thirty-one argillaceous sediments, from two boreholes, have 
been analysed fo r eight trace elements as f o l l o w s : - Zn, Cu, N i , 
Ba, Zr, T, Sr and Rb. The results of the analyses are tabulated 
i n Appendix 4 .2 . No previous determinations of trace element 
contents, i n the sediments adjacent to the TiVhin S i l l , have been 
made. Trace element va r i a t i on i n other contact aureoles has, 
however, been examined by various workers including Ghose (1965), 
Joyce (1970) and Tfodzicki ( l 9 7 l ) . 
One of the problems i n the invest igat ion of trace element 
va r i a t i on , around igneous bodies, i s the assumption that the 
o r i g i n a l sediments were homogenous. This assimiption i s most 
v a l i d where one pa r t i cu la r uni t can be traced from outside the 
aureole up to the igneous contact. This method was followed by 
Joyce (1970) who noted an enrichment i n Y and La, wi th a decrease 
i n B, towards an in t rus ive , g ran i t i c body. Ghose (I965) and 
Wodzicki (1971) both studied areas i n which regional metamorphic 
rocks had been intruded by gran i t i c bodies. Of the seven trace 
elements determined i n the present survey, Ghose examined f i v e 
(Cu, N i , Ba, Y and Sr) and Wodzicki three (Zn, Cu and N i ) . 
Ghose found a decrease, i n p e l i t i c hornfelses towards the 
contact, o f a l l the f i v e elements except Y which increased. 
Wodzicki showed a depletion i n Cu and Zn at the outer edge of the 
.72. 
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aureole, followed by a r i se i n concentration which decreased 
adjacent to the in t rus ion . 
I n the present study, a single argillaceous horizon cannot 
be traced from outside the aureole up to the contact because of 
the generally conformable s i l l - l i k e nature of the in t rus ion . 
The assumption of i n i t i a l homogenity i s , therefore, less accurate 
i n the present case, where d i f f e r e n t s t ra t igraphica l horizons 
have been sampled. 
The trace element values are presented i n Appendix 4.2, and 
the summary s t a t i s t i c s and corre la t ion coe f f i c i en t s i n Table 4 .2 . 
The stmimary s t a t i s t i c s shov/ that Cu occurs i n the lowest concen-
t ra t ions wi th a standard deviation of 13.7 ppm, while Ba occurs 
i n the highest concentrations. The corre la t ion coef f ic ien ts show 
that no sin,gle element has a strong corre la t ion wi th distance 
from the contact; the only strong corre la t ion seen is that between 
Y and Rb. 
FACTOR ANALYSIS OF TRACE ELEIvlENTS 
Nine variables i n th i r ty -one samples have been processed using 
R-mode f ac to r analysis. The nine variables include the eight 
trace elements, l i s t e d above, and the distance of each sample 
from the contact. The eigenvalues, cumulative percentages and 
f ac to r matrices are given i n Table 4.3 and these show that four 
main factors account f o r nearly ^8fo of the observed variance of 
data. On passing from the varimax (Table 4.3B) to the promax 
oblique solut ion (Table 4.3C), most of the higher loadings are 
increased while some minor loadings are removed. 
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.73. 
In te rpre ta t ion of fac tors 
Factor 1 
This f ac to r shows strong pos i t ive (promax) loadings fo r Zn 
and distance•from the contact wi th a moderate pos i t ive loading 
f o r Ba. This i s the only fac tor t o show a s ign i f i can t loading 
f o r distance from the contact. I t i s suggestive of a metamorphic 
o r i g i n w i t h a decrease of Zn and Ba towards the contact. I t i s 
probable that Zn, i n the argillaceous sediments, i s associated 
wi th c h l o r i t e , replac^ing Mg and Fe^ "*" ions. Recrystal l izat ion of 
the c h l o r i t e would possibly lead to the loss of Zn from the 
l a t t i c e , due to i t s v o l a t i l i t y . This fac tor , however, is rather 
i n s i g n i f i c a n t , accounting f o r less than ifo of the t o t a l va r ia t ion 
of the data. 
Factor 2. 
Posi t ive loadings f o r Zr and Y are shown wi th a low negative 
loading, f o r Cu, The strong loading,^ f o r Zr suggests that the 
res is ta te f r a c t i o n of the sediments controls t h i s fac tor . Most 
of the Zr i s probably, found i n d e t r i t a l z i rcon. . The small 
loading f o r Y, which has decreased from varimax to promax solution, 
i s probably explained by i t s incorporation in to zircon or apatite 
of 
crys ta l s . The negative loading f o r Cu is^doubtful significance 
due to i t being just above the signif icance leve l of 0.250. 
Factor 3 
Strong negative loadings are seen f o r Cu, N i and Y, with a 
s m a l l pos i t ive loading for Zr. The in te rpre ta t ion of t h i s factor 
has proved d i f f i c u l t , although N i may we l l be associated wi th Mg 
i n the ch lo r i t e s t ruc ture . 
.76. 
Factor if 
T h i s f a c t o r accounts f o r over 5Q^  o f the observed va r i ance . 
S t rong p o s i t i v e loadings are seen f o r Sr and Rb, wh i l e a minor 
p o s i t i v e l o a d i n g i s present "for Ba. The s t rong l o a d i n g f o r Rb 
suggests t h a t t h i s f a c t o r i s associated w i t h the hydrolysa te 
f r a c t i o n o f t h e sediments, the Rb exchanging f o r K i n the i n t e r -
l a y e r p o s i t i o n i n i l l i t e . I n sediments, Sr i s o f t e n in t roduced 
by secondary i n f i l t r a t i o n (Goldschmidt, 1954) and i s f i x e d i n 
the c l a y - f r a c t i o n by base exchange. Both elements, t h e r e f o r e , 
support the i n t e r p r e t a t i o n t h a t f a c t o r 4 i s explained by the 
v a r i a t i o n i n the c l a y - f r a c t i o n content . 
Conclusions 
R-mode f a c t o r ana lys i s has ex t rac ted f o u r main f a c t o r s , 
account ing f o r almost 98^ o f the t r a c e element data var iance . 
A decrease i n Zn and Ba towards the contact may be i n t e r -
p re t ed f r o m f a c t o r 1 but i s only o f minor s i g n i f i c a n c e . Factor 4 
i s most impor tan t , account ing f o r over ^Ofo o f the va r i ance . This 
i s i n t e r p r e t e d as v a r i a t i o n due t o changes i n the hydrolysa te 
f r a c t i o n o f the sediment. A decrease i n Zn towards the contact 
agrees w i t h the r e s u l t s o f Ghose (1965) and V/odzicki (l97l), 
al though t hey found decreases i n o ther elements, as mentioned 
e a r l i e r . An increase i n I , as recorded by Ghose and ' f fodz ick i 
was not seen i n the present survey. I t was not poss ible t o 
examine the t r a c e element v a r i a t i o n w i t h i n a s i n g l e hor izon , . 
versus d is tance f r o m the contac t , i n the present s tudy. Thus 
the comments made on f a c t o r 1 may not be dependable as i t i s 
probable t h a t much o f the v a r i a t i o n i s due t o changes i n the 
l i t h o l o g y o f the sediments. 
.77. 
LIMESTONE GEOCHEmSTRY 
The l imestones o f t h e no r the rn Penninesare r e l a t i v e l y pure 
and con ta in on ly minor q u a n t i t i e s o f a rg i l l aceous and carbon-
aceous i m p u r i t i e s . Fros t (1969) has shown t h a t the CaO content 
o f l imestones f r o m t h e Lower Limestone G-roup o f Ot te rburn , N o r t h -
umberland, i s i n the narrow range o f 53 t o 55;o. For t h i s reason, 
i n the examinat ion o f l imestones , emphasis was d i r e c t e d towards 
t h e t r a c e element con ten t . S t ron t i um i s o f p a r t i c u l a r i n t e r e s t , 
as i t i s known t h a t even d iagene t i c r e c r y s t a l l i z a t i o n o f l i m e -
stones r e s u l t s i n t h e loss o f Sr f r o m the c r y s t a l l a t t i c e o f 
c a l c i t e (iCulp et al., 1952). L i t t l e work, however, appears t o 
have been undertaken on the v a r i a t i o n i n t r ace element content o f 
l imestones sub jec ted t o thermal metamorphism. Ghose (I965) noted 
an increase i n Ba and Gu and a decrease i n Sr i n r e g i o n a l meta-
morphosed l imes tones , f r o m the contact aureole o f a g r a n i t i c body. 
Trace element a n a l y s i s 
T h i r t y - s i x l imestone samples, f r o m f i v e boreholes, were 
analysed by X-ray f luorescence f o r seven t r a c e elements as 
f o l l o w s : Z r , Cu, Zn, N i , Ba, Sr and Rb. A f u r t h e r t h i r t y - o n e 
samples have a lso been analysed f o r Sr and Ba o n l y . I n the f i r s t 
s e r i e s , Zr , Zn, N i and Rb were found t o be present i n low concen-
t r a t i o n s ( c lose t o or below the de t ec t i on l i m i t s of the method of 
a n a l y s i s . Table l . l ) . Of the remaining elements, Sr has proved 
o f grea tes t va lue and i n t e r e s t . The data f o r the t r ace elements, 
determined i n t h e l imes tones , are g iven i n Appendix 4 -3 . 
Resul ts o f s t r o n t i u m determinat ions 
For comparative purposes, Sr has been determined i n l imestones 
.78. 
f r o m the Rookhope borehole and these r e s u l t s are g iven i n Table 4.4. 
Table 4.4. S t ron t ium and G determinat ions i n limestones f r em 
the Rookhope borehole 
Sample Limestone 
ho r i zon 






C w t . -0 
RB36 Melmerby 
Scar Limestone 
L i g h t - g r e y , 
pseudobrecciated 
367.4 465 0.21 
RB57 Melmerby 
Scar Limestone 
L i g h t - g r e y , 
pseudobrecciated 
364.2 432 0.39 
RB59 Melmerby 
Scar Limestone 
L i g h t - g r e y , 
pseudobrecciated 
360.8 878 0.16 
RB69 Robinson 
Limestone 
L i g h t - g r e y 345.6 1114 0.49 




315.5 2181 0.63 
RB75 Tyne Bottom 
Limestone 
Dark-grey 175.9 2881 0.69 
RB78 Scar 
Limestone 
L i g h t - g r e y 142.3 1120 0.14 
RB81 Great L i g h t - g r e y 13.3 1633 0.31 
Limestone 
The Melmerby Scar Limestone shows low concentra t ions o f Sr (RB56, 
57 and 59). These l imestones , however, have s u f f e r e d extensive 
d iagene t ic r e c x y s t a l l i z a t i o n and appear t o be b recc ia ted 
(Dunham et_ al_. , I965). L i g h t - g r e y l imestones , s i m i l a r t o the 
Melmerby Scar Limestone but i n vh i c h d iagenet ic r e c r y s t a l l i z a t i o n 
i s not so ev iden t , have h igher Sr values , i n t h e reg ion o f 1100 
t o 1600 ppm (RB69, 78 and 8 l ) . The low values of Sr i n t h e 
pseudobrecciated l imestones may, t h e r e f o r e , be a t t r i b u t e d t o 
t h e i r . ; e x t e n s i v e r e c r y s t a l l i z a t i o n . 
Dark-grey l imestones u s u a l l y have Sr values greater than 
.79. 
2000 ppm. Samples RB72 and RB75 have 2181 and 2881 ppm, respec-
t i v e l y . From these r e s u l t s , i t i s f e a s i b l e t o suggest 'background 
v a l u e s ' f o r Sr i n t h e l i g h t and dark-grey l imestones , i n the 
r e g i o n o f 1100 t o l600 and 2000 t o 3000 ppm, r e s p e c t i v e l y . Ineson 
(1969) obta ined an average va lue o f 1750 ppm Sr i n the grey. Great 
Limestone o f t h e nor the rn Pennines. I t i s probable t h a t both 
types o f l imestones had, o r i g i n a l l y , comparable Sr concent ra t ions . 
Kulp et a l . (1952) have shovm t h a t the Sr content i n a limestone 
i s dependent on the Sr/Ca r a t i o o f the sea-water d u r i n g d e p o s i t i o n . 
The f o s s i l s i n the l imes tone con ta in Sr a f a c t o r o f two higher 
than t h e carbonate m a t r i x . As bo th types o f l imestone are b i o -
c l a s t i c , i t seems l i k e l y t h a t the d i f f e r e n c e i n 'background 
v a l u e s ' o f Sr i s a r e s u l t o f a d iagene t ic r e c r y s t a l l i z a t i o n (Johnson 
and Dunham, I963) i n t h e l i g h t - c o l o u r e d l imes tones . 
F igures 4.3 and 4.4 show Sr va lues , i n Teesdale boreholes, 
up t o 35 m f r o m the TWiin S i l l con tac t . Boreholes 17, I8, 21 , 22 
and 35 ar-e dominated by t h e l i g h t - g r e y Melmerby Scar and Robinson 
Limestones. The saccharo ida l marble f r o m boreholes 17, 18, 22 
and 35 shows c o n s i s t e n t l y low Sr contents , w i t h concentra t ions 
beloY/ 500 ppm. Boreholes 17 and 18 show values constant around 
300 ppm, up t o 27 m f r o m the con tac t . At dis tances greater than 
27 m f r o m the contac t , i n these boreholes, t he Sr concen t ra t ion , 
r i s e s t o between 1000 and 1200 ppm i n non-saccharoidal l imestone . 
These concent ra t ions are cons is ten t w i t h the values obtained f o r 
unmetamorphosed l imes tones . I t appears, t h e r e f o r e , t h a t t he re i s 
a l i m i t t o metamorphic Sr l o s s , f r o m the l imestones , i n the reg ion 
o f 27 m f r o m t h e c o n t a c t . Figures 3.2A and 3.2B (p.37), showing 
the g r a i n - s i z e d i s t r i b u t i o n s o f c a l c i t e i n saccharoidal marbles. 
F i g u r e 4.3 S t r o n t i u m v a r i a t i o n i n l imestones f r o m the 
Cow Green boreholes . 
A b b r e v i a t i o n s as given i n legend t o F igu re 4 . 1 
F igure 4.4. S t r o n t i u m v a r i a t i o n i n l imestones f r o m the 
Cow Green boreho les . 
Ornamentation as g iven i n F igure 4-3 and abb rev ia t i ons as 
g iven i n legend t o F igure 4 . 1 . • 
Figure 4.3 
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show a decrease i n the slope o f the curves i n the reg ion of 25 m 
f r o m the c o n t a c t . Th is marks the e f f e c t i v e l i m i t o f marmori-
z a t i o n , which c o r r e l a t e s w e l l w i t h the r i s e i n Sr concent ra t ion , 
t o a 'background v a l u e ' i n t h e r eg ion o f 27 m f r o m the con tac t . 
Borehole 22 shows low values o f Sr extending up t o 30 m f r o m 
the c o n t a c t . I n t h i s case t h e m i n e r a l v e i n , shown i n F i g . 4.3, 
i s be l i eved t o have caused the e x t r a d e p l e t i o n . Ineson (I969) 
has shown t h a t Sr i s deple ted i n l imestones up t o 9 m around 
m i n e r a l v e i n s . 
An i n t e r e s t i n g f e a t u r e o f the marbles i s t h a t t h e r e i s a 
r e l a t i v e l y constant value f o r Sr, over a d is tance o f 25 m f rom 
the c o n t a c t . Boreholes 17 and I8 show cons i s ten t Sr concen-
t r a t i o n s i n the r eg ion o f 3OO ppm. A decrease i n Sr towards the 
contact might have been expected as a r e s u l t o f inc reas ing g r a i n -
s ize i n the marble., This Sr decrease i s not seen, and suggests 
t h a t an approach t o t o t a l r e c r y s t a l l i z a t i o n o f the o r i g i n a l l i m e -
stone occurs even i n the p roduc t i on o f f i n e - g r a i n e d , saccharoidal 
marble . 
Boreholes 39, 40 and 4I ( F i g . 4.4) show s t r a t i g r a p h i c a l 
sec t ions i n which l imestones above the Melmerby Scar are dominant. 
I n these sec t ions , dark l imestones occur i n equal abundance w i t h 
l i g h t - c o l o u r e d l imestones . The dark l imestones show Sr i n concen-
t r a t i o n s u s u a l l y g rea te r than 2000 ppm. However, the m a j o r i t y o f 
t h e samples analysed l i e w i t h i n t h e l i m i t of marmorizat ioni 
recognised p r e v i o u s l y as 25 m f rom the con tac t . Dark l imestones, 
w i t h h i g h Sr, are also i n t e r c a l a t e d w i t h marbles c o n t a i n i n g low 
Sr . The Peghorn Limestone (borehole 40) shows t h i s f ea tu re w i t h 
two dark lenses o f l imestone interbedded w i t h marbles. The two 
Figure 4.4 
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dark limestones have 1801 and 2257 ppm Sr r e s p e c t i v e l y (40/22 and 
4 0 / 1 9 ) , w h i l e the marbles have values o f 741, 474 and 581 ppm Sr 
( 4 0 / 2 1 , 40/20 and 4 0 / 1 8 ) . Pet rographic examination has shown t h a t 
t h e dark l imes tones , even close t o the contact , are v i r t u a l l y 
u n r e c r y s t a l l i z e d . The absence o f r e c r y s t a l l i z a t i o n i s a r e s u l t 
o f t h e i n h i b i t i n g e f f e c t o f the organic carbon i n these dark 
l imes tones , as expla ined p r e v i o u s l y by t h e w r i t e r (Robinson, 1971). 
Barium and Cu de terminat ions 
The Ba and Cu r e s u l t s are given i n Appendix 4*3, Ba has an 
average va lue o f 53 PPin but values range f r o m non-detectable t o 
228 ppm. Copper values are lower , w i t h an average concent ra t ion 
o f 7 ppm and rang ing f r o m non-detectable t o 23 ppm. No p a r t i c u l a r 
p a t t e r n o f v a r i a t i o n could be detected f o r these two elements. 
Conclusions 
The r e s u l t s o f seven t r a c e elements determinat ions have shown 
t h a t Sr i s o f most v a l u e ; o f the remaining s i x , on ly Ba and Cu 
were c o n s i s t e n t l y above t h e d e t e c t i o n l i m i t o f a n a l y s i s . The 
marmor iza t ion o f l i g h t - c o l o u r e d l imestones has r e s u l t e d i n a loss 
o f Sr, f r o m a 'background' concen t ra t ion o f 1200 t o I6OO ppm, t o 
va lues main ly i n the range o f 200 t o 400 ppm. S t ron t ium, i n bore-
holes 17 and 18, i s depleted t o an average value' o f 3OI ppm 
( s t d , dev. 58 W^)> up 25 m f r o m the con t ac t . At distances 
grea te r t h a n 25 m, f r o m t h e contac t , the Sr values r i s e t o t h e i r 
'background v a l u e s ' . S t r o n t i u m i s not deple ted i n dark-coloured 
l imestones because these sediments have not s u f f e r e d r e c r y s t a l l i -
z a t i o n . 
.84 . 
FACTOR AI-TALYSIS OF TEACE ELEMENTS 
F ive v a r i a b l e s i n t h ^ i r t y - s i x l imestone samples have been 
examined u s i n g f a c t o r a n a l y s i s . The f i v e v a r i a b l e s used were 
concen t ra t ions o f Sr, Ba and Cu; dis tance f rom contact and an 
i n t e g e r r ep re sen t i ng marble ( l ) , l i g h t , una l te red l imestone (2 ) 
or u n r e c r y s t a l l i z e d , d a r k l imestone ( 3 ) . 
Only two main f a c t o r s were obtained, as shown i n Table 4 . 5 . 
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I n t e r p r e t a t i o n o f f a c t o r s 
Fac tor 1 
This- f a c t o r i s b i p o l a r w i t h a p o s i t i v e l o a d i n g f o r d is tance 
f r o m contact and a negat ive l o a d i n g f o r Cu. The loadings are 
bo th , however, r e l a t i v e l y low and as the Cu concen t ra t ion i s low 
. 85 . 
and near t h e d e t e c t i o n l i m i t , t h i s f a c t o r i s of d o u b t f u l s i g n i -
f i c a n c e . 
Factor 2 
This f a c t o r shows s t r o n g p o s i t i v e leadings f o r both Sr and 
type o f l imes tone . This f a c t o r i s i n t e r p r e t e d as e x p l a i n i n g the 
var iance i n the data, as a r e s u l t o f metamorphic r e c r y s t a l l i z a t i o n 
o f the l imes tones . The p o s i t i v e loadings f o r bo th v a r i a b l e s show 
t h a t Sr increases i n the u n r e c r y s t a l l i z e d l imestones, d is tance 
f r o m the contac t showing no s i g n i f i c a n t l o a d i n g . 
A second ana lys i s was made us ing s ix ty - seven l imestone 
samples, o m i t t i n g the Cu va lues . I n t h i s ana lys i s only one main 
f a c t o r was e x t r a c t e d , corresponding t o f a c t o r 2 above. I n t h i s 
case, the load ings on Sr and type o f l imestone were s i g n i f i c a n t l y 
increased t o 0.887 and 0.862 r e s p e c t i v e l y , at K min = 2. 
Conclusions 
Fac tor ana ly s i s has conf i rmed the e a r l i e r conclus ion t h a t 
metamorphic r e c r y s t a l l i z a t i o n expla ins the v a r i a t i o n i n Sr. This 
f a c t o r e x p l a i n i n g the m a j o r i t y {Q(fo) o f the v a r i a t i o n seen. No 
p a r t i c u l a r s i g n i f i c a n c e can be a t t r i b u t e d t o the concentra t ions 
of Ba or Cu, nor i s there any s i g n i f i c a n t v a r i a t i o n i n these • 
elements w i t h d is tance f r o m the c o n t a c t . 
ORGANIC CARBON DETERMINAT IONS 
Two types o f l imestone were recognised by Johnson and 
Dunham ( I 9 6 3 ) i n the nor the rn Pennines. L i g h t and dark-coloured 
l imestones c o n s t i t u t e the two types , the d i f f e r e n c e i n co lour 
be ing a t t r i b u t e d to the presence o f b i tuminous , organic m a t e r i a l 
.86. 
and t e r r igeneous i m p u r i t i e s . I n order t o c o n f i r m the above con-
c l u s i o n , and to give q u a n t i t a t i v e values t o the organic m a t e r i a l 
present , a se r ies o f organic carbon determinat ions have been 
conducted. (Carbon was determined by an absorp t ion t r a i n method 
a f t e r c o r r e c t i o n f o r CO2). Samples f r o m borehole 40 were used, 
as they showed i n t e r b e d d i n g o f dark l imestones and saccharoidal 
marbles . The r e s u l t s o f these carbon analyses have been published 
(Robinson, 1971). A ser ies o f samples f rom the Rookhope borehole 
were a l so analysed f o r comparative purposes; these r e s u l t s are 
shown i n Table 4.4. These values show t h a t i n the unmetamor-
phosed l imestones , the l i g h t - c o l o u r e d limestones have low carbon 
conten t , l ess than 0.k}i by we igh t . The dark l imestones (PJB72 
and 75) have C grea te r than 0.6)o. This r e l a t i o n s h i p i s also 
seen i n borehole 40, the carbon a c t i n g as an i n h i b i t o r t o r e -
c r y s t a l l i z a t i o n as descr ibed by Robinson (1971). 
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Appendix 4.2 Trace element determinations - argillaceous 
sediments (ppm). 
Sample Zn Cu Ni Ba Zr Y Sr Rb 
17/4 182 60 125 989 376 194 333 619 
17/7 66 34 86 - 402 384 64 372 144 
17/8 n.d. 36 41 91 128 53 76 167 
17/10 108 88 84 1000 265 132 419 450 
17/11 n.d. 36 33 93 276 22 181 9 
17/13 5 31 26 97 150 15 82 13 
17/14 7 23 26 67 199 16 67 26 
17/17 5 28 107 171 440 74 96 109 
17/24 37 36 47 886 368 136 289 434 
17/25 60 37 41 992 446 77 169 146 
17/29 166 69 89 892 251 113 210 247 
17/30 82 38 180 1638 366 155 406 405 
17/34 9 48 62 156 347 92 361 127 
17/36 41 56 68 51 134 22 n.d. n.d. 
17/37 17 32 44 236 174 41 20 94 
17/38 6 58 87 817 312 77 132 182 
17/43 64 32 69 482 415 71 408 114 
21/5 75 34 69 238 674 80 225 138 
21/6 35 36 112 652 368 104 462 228 
21/7 296 24 78 668 330 168 196 100 
21/8 14 34 67 3341 544 55 474 126 
21/13 41 44 86 543 372 106 197 272 
21/14 130 42 51 357 339 88 147 202 
21/15 296 32 27 284 339 39 95 98 
21/16 83 35 31 241 748 39 99 48 
21/19 111 44 97 516 403 97 160 242 
21/20 317 54 146 658 461 101 163 243 
21/21 167 26 71 369 533 81 116 173 
21/22 38 45 126 424 251 94 139 244 
21/22A 415 46 100 520 333 91 152 232 
21/23 5 47 77 130 n.d. 22 1800 23 
n.d. = not detected. 
Appendix 4.3 Trace element determinations - limestones (ppm). 
Sample Sr Ba Cu Sample Sr Ba Cu 
17/18 219 23 4 35/11 440 22 12 
17/15 400 60 11 35/13 438 63 7 
17/14 366 112 n.d. 39/3 605 89 — 
17/9 242 31 5 39/4 941 38 — 
17/40 216 11 5 39/7 2632 66 — 
17/39 247 31 7 39/8 2022 191 — 
17/6 293 12 23 39/17 409 123 — 
17/5 291 19 7 39/19 786 95 -
17/3 307 26 5 39/20 2275 228 — 
17/2 304 n.d. 10 39/25 2701 24 — 
17/1 374 19 20 40/2 728 36 -
17/31 327 37 6 40/3 729 98 -
17/28 875 22 9 40/10 800 40 — 
17/26 1090 100 11 40/13 2302 79 — 
18/10 285 36 n.d. 40/18 581 52 — 
18/9 322 12 8 40/19 2257 131 — 
18/8 341 24 7 40/20 474 59 — 
18/7 382 5 10 40/21 741 66 -
18/6 242 25 8 40/22 1801 42 — 
18/4 264 30 11 40/27 2193 51 — 
18/3 1298 35 9 41/5 1133 33 — 
18/2 870 56 13 41/7 937 54 — 
21/2 797 16 5 41/8 1110 32 — 
21/4 1124 40 10 41/9 1143 29 — 
21/9 549 59 9 41/11 2780 68 — 
21/11 702 26 n.d. 41/12 2545 176 — 
21/12 716 29 15 41/13 1536 85 — 
22/11 558 31 10 41/20 561 42 
22/7 470 34 9 41/21 382 76 — 
22/1 286 22 n.d. 41/22 578 46 
22/2 348 45 10 41/23 871 50 — 
22/3 266 22 n.d. 41/24 2619 76 — 
35/5 506 25 5 41/25 2496 74 — 
35/6 367 65 7 
n.d. = not detected. 
= not determined. 
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CHAPTER V 
MmERALQGY OF COMTACT ROCKS 
I n t r o d u c t i o n 
A wide range o f metamorphic minera l s has been developed i n 
calcareous rocks w i t h i n 25 m f r o m the Whin S i l l contact 
( P i g . 3 . 3 ) • Because o f t h e f i n e - g r a i n e d na ture o f the metamor-
ph ic p roduc t s , s p e c i f i c m i n e r a l i d e n t i f i c a t i o n i s d i f f i c u l t , 
even w i t h d e t a i l e d pe t rog raph ic examination o f the saDiples. 
E a r l y work on the contact rocks o f the Whin S i l l , i n v o l v i n g 
m i n e r a l i d e n t i f i c a t i o n , should be t r e a t e d w i t h c a u t i o n . 
E l e c t r o n microprobe ana lys i s has proved o f great value i n 
the examinat ion o f the mineralogy o f f i n e - g r a i n e d contact rocks 
and the m a j o r i t y o f t h i s Chapter i s based upon such work al though 
X- ray d i f f r a c t i o n has also proved u s e f u l f o r m i n e r a l i d e n t i f i -
c a t i o n . The chemical analyses presented are the f i r s t t o be 
recorded o f any mine ra l s i n the Whin S i l l aureole . 
GARNETS • 
Garnet i s t h e most abundant and u b i q u i t o u s mine ra l appearing 
i n t h e metamorphic au reo le . Al though no previous analyses o f 
t h e garne ts have been made, Dunham (1948) and Smythe (l950) 
suggested t h a t t h e y were g rossu la r on the bas is o f r e f r a c t i v e 
index measurements. E l e c t r o n microprobe analyses o f 129 po in t s 
have been made on n ine teen garnet c r y s t a l s f r o m seven samples 
and these are presented i n Appendix The grossular mole-
cule i s dominant i n t h e analyses ( t o t a l Fe assumed as Pe203) 
w i t h 9C^ o f the p o i n t s analysed having a g rossu la r molecule 
component o f between 70 and 
.88. 
Eighteen o f the p o i n t analyses have a grossular molecular 
content o f between 95 and S8.6fo and are some o f the purest 
recorded g rossu la r s (Deer, Howie and Zussman, I962). The u n i t 
fo rmulae and end-member composit ions presented i n Appendix 5.1 
are those de r ived u s ing the method proposed by Rickwood (I968) 
and a computer programme -wr i t t en by Dr. A. Peckett o f the Dept. 
o f Geology, U n i v e r s i t y o f Durham, A n d r a d i t i c garnet i s 
recorded f o r the f i r s t t i m e , i n sample 46/I3 , w i t h an andradi te 
component o f over 60?S (Appendix 5 . l ) . 
Garnets are o n l y r a r e l y seen i n hand-specimen (Chapter I I I ) 
but pe t rog raph ic examinat ion reveals t h e i r r e l a t i v e abundance. 
TlThere seen i n hand-specimen they are t y p i c a l l y red-brown i n 
co lour (43/22). The presence o f -v^ite t o b u f f - c o l o u r e d , massive 
garnet i n sample 35/4 ( P l a t e 3.4) could have been i n d i c a t i v e o f 
IX/drogrossular and f o r t h i s reason c e l l - s i z e determinat ions were 
under taken (p .90) . The garnet c r y s t a l s va ry g r e a t l y i n fo rm 
and s i z e , ranging f r o m <0.01 t o over 1 mm i n diameter . A v a r i e t y 
o f forms are seen i n the c r y s t a l s , depending on the m a t r i x 
m a t e r i a l . VVhere the garnet i s set i n a m a t r i x o f c a l c i t e , 
c h l o r i t e o r p r e h n i t e , i d i o b l a s t i c and s u b - i d i o b l a s t i c o u t l i n e s 
are present (P la tes 5 .1 , 3.17 and 5.2) . IWhere the grains abut 
against f e l d s p a r areas (P la te 5 .2) , n o n - r a t i o n a l , serrated o u t -
l i n e s are developed. An i d i o b l a s t i c o u t l i n e i s , however, present 
on the s ide adjacent t o the p r e h n i t e . Many o f the garnets , as 
i s common i n the ug rand i t e s e r i e s , show s l i g h t an iso t ropism, 
t h e maximum i s seen i n sample 43/22 (P la t e 5 . I ) w i t h areas of 
f i r s t - o r d e r y e l l o w i n t e r f e r e n c e c o l o u r s . Sector t w i n n i n g i s 
o c c a s i o n a l l y seen i n the garnets , w i t h up t o 12 pyramids present . 
P l a t e 5.1 Sample k.J)/22. I d i o b l a s t i c t o s u b - i d i o b l a s t i c 
garnets set i n a c a l c i t e m a t r i x . Sec tor t w i n n i n g 
i s w e l l developed i n these garne ts , which a l so 
show marked a n i s o t r o p i s m . ' (x50) 
P l a t e 5.2 Sample 43/3. Very f i n e - g r a i n e d f e l d s p a r , which 
has a r i m o f garne t , i s present i n t h e n o r t h e r n 
t h i r d o f t h e E l a t e . The lower h a l f i s dominant ly 
p r e h n i t e w i t h ga rne t s . The garnets i n t h e p r e h n i t e , 
or a b u t t i n g against i t , have i d i o b l a s t i c o u t l i n e s 
whereas those edges a b u t t i n g against f e l d s p a r have 
n o n - r a t i o n a l boundar ies . (x250) 
A n a l y s i s 43/3-2 Garnet r i m t o f e l d s p a r . 3 p o i n t s , 2A-2G 
A n a l y s i s 43/3-3 Garnet r i m t o f e l d s p a r . 7 p o i n t s , 3A-3G 
A n a l y s i s 43/3-8 Garnet set i n p r e h n i t e . 6 p o i n t s , 8A-8P 
P la te 5.3 Sample 44/11. I d i o b l a s t i c garnet surrounded by 
p y r i t e and penet ra ted by needles o f a p a t i t e . W e l l 
developed, c o n c e n t r i c o p t i c a l zon ing i s v i s i b l e . 
(x200) 
A n a l y s i s 2(4/11-1 Garnet i n p y r i t e . 12 p o i n t s , l A - l L 
.89. 
P la te 5.1 
r - f i 
i 
Pla t e 5.2 
P la te 5.3 
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the v e r t i c e s meeting i n the centre o f the c r y s t a l s (P l a t e 5.1). 
O p t i c a l zoning i s seen i n some garnets (P la tes 5.3 and 5.4) 
. suggest ive o f chemical zoning which i s examined i n a l a t e r 
s e c t i o n . I n c l u s i o n s o f cjuartz, c a l c i t e and carbonaceous m a t e r i a l , 
are abundant i n many o f the garne ts . Normal ly the i n c l u s i o n s 
are arranged haphazardly ( P l a t e 3.15) bu t , r a r e l y , i n c l u s i o n s 
arranged i n a r e g u l a r p a t t e r n are present (P l a t e 5.5). 
C e l l - s i z e de terminat ions 
C e l l - s i z e measurements have been made on garnets f r o m f i v e 
saDiples, u s i ng an II .46O cm diameter , Debye Scherrer camera 
w i t h Cu r a d i a t i o n and a N i f i l t e r , at 40 M and 20 Ma, The 
samples were crushed u s i n g a tungs ten-carb ide b a l l - m i l l and then 
the carbonate f r a c t i o n was removed by d i g e s t i o n o f the sample 
i n o x a l i c a c i d . The residues were separated us ing C l e r i c i ' s 
s o l u t i o n and were f i n a l l y hand-picked under the microscope. 
The c e l l - s i z e computations were made by us ing a computer 
programme he ld by A. H a l l o f the Dept. o f Geology, U n i v e r s i t y 
o f Durham. The r e s u l t s o f the determinat ions are given i n 
Table 5.1 be low: -
Table 5.1 Grossular c e l l - s i z e de terminat ions 
o 
Average M o l . ^ Sample C e l l - s i z e (A) S td . Dev. 
g ro s su l a r 
19/5 11.821 0.012 
96.18 35/4 11.811 0.012 
43/7 11.871 0.008 
93.31 43/21 11.842 0.032 
69.97 43/22 11.858 0.017 
( - ) , not determined 
Pla t e 5 .4 Sample 43/22. S u b - i d i o b l a s t i c garne ts , i n c a l c i t e 
m a t r i x , showing t w i n n i n g and o p t i c a l z o n i n g . 
Tabular ep ido te and r a d i a t i n g c h l o r i t e are v i s i b l e 
at western edge o f P l a t e . (xlOO) 
P l a t e 5.5 Sample 43 /3 . Garnet showing i n c l u s i o n s o f 
dominant cjuartz and c a l c i t e arranged i n a r e g u l a r 
manner p a r a l l e l t o t h e c r y s t a l edges. (x250) 
P l a t e 5.6 Sample 43 /3 . Garnet associa ted w i t h coarse 
f e l d s p a r i n no r th -ea s t pa r t o f P l a t e . P i n e -
gra ined c h l o r i t e m a t r i x w i t h garnets i n south-
west ipar t . (x200) 
A n a l y s i s 43/3-1 
A n a l y s i s 43/3-4 
A n a l y s i s 43/3-1 
A n a l y s i s 43/3-2 
A n a l y s i s 43/3-3 
Garnet c r y s t a l . 7 p o i n t s , l A - l G 
Garnet r i m t o f e l d s p a r . 4 p o i n t s , 4A-4D 
Carlsbad twinned f e l d s p a r . 3 p o i n t s , l A - l C 
Untwinned f e l d s p a r c r y s t a l . 
Untwinned f e l d s p a r c r y s t a l . 
. 9 1 . 
P l a t e 5 .4 
P l a t e 5.5 
Pla te 5.6 
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The c e l l - s i z e s recorded i n Table 5 . 1 are somewhat lower than 
the va lues g iven by Deer, Howie and Zussman (1962). They g ive a 
va lue o f 11.851 I f o r g rossu la r , w h i l e garnet f r o m sample 35/4, 
w i t h 9 ^ o f the grossu la r molecule, has a c e l l - s i z e of 11.811 1. 
Of t h e above f i v e samples, chemical analyses o f the garnets are 
a v a i l a b l e f o r 35/4, 43/21 and 43/22 (Appendix 5 . 1 ) . I n these 
t h e smal les t ce l l - edge , 35/4 i s associated w i t h the highest: mole-
c u l a r ^ o f g rossu la r and v i c e versa (Table 5 . 1 ) . No evidence 
appears t o be f o r t h c o m i n g , f r o m these r e s u l t s , t o suggest the 
presence o f hydrogrossu la r . 
E l e c t r o n microprobe s tud ies 
Analyses o f 129 p o i n t s w i t h i n garnets have been made, t o 
determine the general composi t ion o f the c r y s t a l s and t o examine 
p o s s i b l e compos i t iona l zoning which i s suggested by pet rographic 
examinat ion (P l a t e 5 . 3 ) . Zoned garnets are w e l l kno-vvn f rom 
contac t and r e g i o n a l metamorphic areas through'. t h e work o f 
H o l l i s t e r (1969), Leake (1967) and A t h e r t o n and Edmunds (1966). 
I n t h e garnets s t u d i e d the re i s a general enrichment o f Mi and 
Ga i n t h e cores and Mg, Pe and T i i n t h e rims o f c r y s t a l s , the 
zoning not be ing r e l a t e d t o the metamorphic c o n d i t i o n s . No 
microprobe s tud ies , however, appear t o have been undertaken on 
ggirnets dominant i n the grossu la r molecule , besides those p r e -
sented here . 
The garnet p o i n t analyses are shown, i n diagrammatic f o r m 
i n P i g s . 5.1 t o 5 .4 . Photomicrographs of twelve o f the c r y s t a l s 
are shown i n P la tes 5 .2 , 5 .3 , 5.6, 5 .7, 5.8 and 5.9 as described 
i n t h e exp lana t ion t o each F i g u r e . Each garnet was analysed f o r 
seven elements, except f o r it4/9A and kh./ll-2 i n which T i and Mn, 
P l a t e 5.7 Sample 43/3- S u b - i d i b b l a s t i c garnets i n p r e h n i t e 
m a t r i x , v / i t h clouded f e l d s p a r v i s i b l e a t edges o f 
P l a t e . . (xlOO) 
A n a l y s i s 43/3-5 Garnet set i n p r e h n i t e . 6 p o i n t s , 5A-5F 
A n a l y s i s 43/3-6 Garnet set i n p r e h n i t e . 5 p o i n t s , 6A-6E 
A n a l y s i s 43/3-7 Garnet r i m t o f e l d s p a r . 3 p o i n t s , 7A-7C 
P l a t e 5 .8 Sample 43 /22 . C a l c i t e nodule i n a r g i l l a c e o u s 
h o r i z o n , w i t h s u b - i d i o b l a s t i c ga rne t s . (xlOO) 
A n a l y s i s 43 /22-2 Garnet at edge o f c a l c i t e nodule and 
a b u t t i n g against a r g i l l a c e o u s m a t e r i a l . 6 p o i n t s , 2A-ZP 
P l a t e 5.9 Sample 44 /9A. I d i o b l a s t i c garnet set i n f i n e -
gra ined c h l o r i t e assoc ia ted w i t h i doc rase . 
( x l 2 0 ) 
A n a l y s i s 44 /9A-2 Garnet set i n c h l o r i t e . 7 p o i n t s , 2A-2G 
. 93 . 
P l a t e 5 .7 
Pla te 5.8 
P l a t e 5.9 
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r e s p e c t i v e l y , were not determined (Appendix 5 . 1 ) . Of the seven 
oxides , T i 0 2 , MgO and MnO are c o n s i s t e n t l y below 1^, w h i l e IfaO 
i s i n s e v e r a l cases below O,lfo, The standard d e v i a t i o n o f each 
element, f o r e igh t readings on p o i n t I o f c r y s t a l hU/ll-1, i s 
g iven i n Appendix 5 .9. 
Compos i t iona l zoning 
Composi t ional zoning i n the ' no rma l ' sense (Leake, 1967; 
H o l l i s t e r , I969) i s not w e l l developed i n garnets examined du r ing 
the present s tudy, except f o r the two c r y s t a l s f r o m sample 44/11 
( P i g , 5 . 3 ) . I n bo th c r y s t a l s , a marked decrease i n Pe ( t o t a l ' a s 
'Fe20^) i s seen i n the core , 44/11-2 showing a smal l c e n t r a l peak 
o f Pe. Sample 2 } 4 / l l - l shows a decrease o f ^620^, f r o m 11,C^, at 
t he r i m ( L ) t o 2.1^ at the centre ( P ) . A r e c i p r o c a l change i s 
seen i n t h e AI2O3 contents of these garnets w i t h an increase 
towards the cen t r e . V a r i a t i o n i n A l content does not appear t o 
have been r epor t ed be fo r e but i s t o be expected i n the g ro s su l a r / 
andrad i t e s e r i e s . A s l i g h t increase , i n the core, i s also seen 
i n bo th CaO and S i02 , but T i02 shows a marked decrease i n sympathy 
w i t h Fe20^, I n sample 2 t 4 / l l - l , T i02 appears t o have been depleted 
i n t h e a c t u a l c r y s t a l r i m ( P i g . 5 . 3 ) . V a r i a t i o n i n MgO does not 
show a-s imple p a t t e r n but bo th c r y s t a l s show a s l i g h t core e n r i c h -
ment. 
Of the remaining c r y s t a l s , on ly 43/21-2 ( H - J ) shows d e p l e t i o n 
of ¥620^ i n the core, w h i l e T i02 i s depleted i n the core o f 
43/3-8 , C rys t a l s 43/21-1 and 43/21-2 (A-G ) , ( P i g . 5 .2) show an 
increase o f Pe i n t h e core, which i s a r e v e r s a l o f the normal 
zon ing sequence. Thus zoning o f t h e normal sense i s only seen 
i n sample 44/11, where t h e garnets are surrounded by p y r i t e . I n 
F i g u r e 5.1 E l e c t r o n microprobe garnet analyses. 
43/3-1") 
Analyses [ analysed c r y s t a l s shown i n P l a t e 5.6. 
43/3-4^ 
43/3-2^ 
Analyses S analysed c r y s t a l s shown i n P l a t e 5.2. 
43/3-3, 
43/3-5"] 
Analyses analysed c r y s t a l s shown i n P l a t e 5.7. 
43/3-6) 
Figu re 5.2 E l e c t r o n microprobe garnet analyses . 
A n a l y s i s 43/3-7, analysed c r y s t a l sho-wn i n P l a t e 5.7. 
A n a l y s i s 43/3-8, analysed c r y s t a l shown i n P l a t e 5,2. 
A n a l y s i s 43/21-1, x e n o b l a s t i c garnet c r y s t a l set i n c a l c i t e , 
l6 p o i n t s analysed a long edge o f c r y s t a l . 
A n a l y s i s 43/21-2, s u b - i d i o b l a s t i c garnet set a t edge o f a r g i l -
laceous band i n saccha ro ida l marble . Analyses 2A-2G, nori:h-
south t r a v e r s e and 2H, E, I and J , east-west f r o m contac t 
w i t h shale t o c a l c i t e edge. 
Figure 5.1 
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this case i t appears that Pe w i l l have been relatively abundant 
during the growth of the garnet, while Al was relatively rare. 
Alumdnium would then be preferentially incorporated in the latt ice 
and, as i t became depleted in the volume surrounding the garnet, 
so Pe was incorporated to f u l f i l the lattice requirements. 
Although the majority of the crystals do not appear to show 
any regular compositional variation at f i r s t examination, some 
conclusions, may be drawn by detailed knowledge of the particular 
environment in which each crystal i s found. In sample 43/3, 
garnets nos. 2, 3, 4, 1, occur as rims around the feldspar areas 
(Plates 5.2, 5.6 and 5.7) . In a l l of these crystals an increase 
in Al i s seen towards the feldspar; 43/3-7 shows an increase from 
18.3^ (A) to 20.5^ (C) of AI2O3. There i s a reciprocal decrease 
in Pe, from 4 . ^ (A) to 4.0^ (C) of Pe203 in the same sample. 
Similarly Ti02 and MgO show a decrease tov/ards the feldspar, 
except for 43/3-4/vAiich shows an increase in these elements -before 
decreasing at the edge of the crystal (Pig. 5.1). A decrease in 
Ti02 from 1.9^ (A) to 0.]^ (C) is evident in crystal 43/3-7. 
The feldspar areas are produced by the reaction of i l l i t e with 
Na to form albite, excess A l , Ca and S i i s available, vdiich forms 
grossular as described in Chapter 71. I l l i t e has Fe and small 
amounts of T i and Mg in i t s structure and as these cannot be 
readily incorporated in the feldspar latt ice, they are incorpor-
ated into the grossular. Titanium and Mg are only present in 
small amounts and Pe, although present in greater amounts, i s 
s t i l l relatively low in concentration. I t seems, therefore, that 
these 'scarcer' elements are concentrated during the i n i t i a l 
period of growth of the crystal and as the garnets grow out from 
Figure 5.3 Electron microprobe garnet analyses. 
Analysis 43/22-1, sub-idioblastic crysta l set in ca lc i te . 
Analysis 2f3/22-2, analysed crystal sho-wn in Plate 5.8. 
Analysis 2+2f/9A-l, sub-idioblastic garnet set in ca lc i te . 
Analysis hh/3k-1, analysed crystal shoym in Plate 5.9. 
Analysis 41+./11-1, analysed crystal shown in Plate 5.3.. 
Analysis 44/11-2, crystal surrounded by opaques as in 2+4/11-1. 
Figure 5.4 Electron microprobe garnet and idocrase analyses. 
Analysis 35/4, garnet crysta l set in prehnite. 
Analysis 46 / I3 - I , xenoblastic garnet crystal formed at edge of 
argillaceous horizon in a limestone. 
Analysis 46/13-2, xenoblastic garnet in centre of argillaceous 
band mentioned above. . 
Analysis 44/9A-I, idioblastic idocrase set in fine-graiiied 
chlorite, shown in Plate 5.15. 
Analysis 44/9A-2, idioblastic idocrase set in fine-grained 
chlorite. 
Analysis 45 / l , sub-idioblastic idoci:ase in a calci te matrix. 
Figure 5.3 
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the feldspar areas, these elements decrease in concentration. 
As the immediate area around the crystals becomes depleted, Al 
then increases in concentration to f u l f i l the latt ice require-
ments. 
Garnets also form as a rim to argillaceous bands in marble, 
as in 43/21-2 (H-J), 43/22-2 and 46 /I3-I (Plate 5.8). No 
regular variation in composition i s seen in any of these crystals, 
although a decrease in Pe and an increase in T i and Mg is seen in 
the core of 43/21-2. A sudden decrease in Fe and Mn and increase 
in Al and Mg is seen, at the edge of the crystal nearest the 
argillaceous .band, in 43/22-2 (Pig. 5.3). There is no similarity 
with the garnets seen around the feldspar areas, and this i s 
probably because there has been no breakdown of i l l i t e to form 
albite, with subsequent release of minor amounts of mafic elements 
to be concentrated at the i n i t i a l period of growth. 
Garnets set in a matrix of calcite, as in 43/21-1, 43/21-2 
( A - G ) , 44/9A-1, and 2^/13-1 (Figs. 5.2, 5.3 and 5.4) again show 
no uniform variation. Iron in crystals 43/21-1 and 43/21-2 shows 
enrichment, in the cores, r is ing from 0.3^ in 1 (A ) , at the rim, 
to 1.6^ (G ) of Fe203 in the core, Al showing a slight reciprocal 
decrease in the core (Fig. 5.2). Crystal 43/21-2 shows a higher 
Fe content than 43/21-1 as i t i s adjacent to an argillaceous 
band. The Ti02 and MgO values in these crystals appear irregular 
and may be due to experimental error. Standard deviation for 
elements are given in Appendix 5.9. No variation i s seen in 
crystals 4^/9A-l and 4 6 / I 3 - I , Ti02 and MgO on three of the point 
analyses were below 0.1^ in crystal 46/13-I (Pigs. 5.3 and 5.4). 
Similarly l i t t l e variation i s seen in those garnets in a . 
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prehnite matrix, such as 43/3-5, 6 and 8 and 35/4 (Plates 5.2 
and 5.7) . Depletion of Ti02 and MgO in the core of 43/3-8, and 
possibly in 43/3-6, i s the only variation discernible (Figs. 5.1 
and 5.2). 
F ina l ly the two garnets surroiinded by fine-grained recrystal-
l ized chlorite, 43/3-1 (Fig. 5.1) and 44/9A-2 (Fig. 5.3), show 
possible; slight depletion of MgO in the cores of crystals which i s 
also mirrored by TiOg in 43/3-I . 
The lack of con^jositional variation in the examples described 
above suggests that the elements incorporated in the structure 
were available in roughly equal concentrations throughout the 
growth of the garnet crystals . Lack of variation, in these 
garnets, due to homogenization by the diffusion of material through 
the solid crystal i s unlikely, as i t i s widely accepted that such 
diffusion occurs extremely slowly, especially in low-grade meta-
morphism. 
There i s no relation between distance from contact and 
compositional zoning in the garnets, suggesting that temperature 
i s of negligible importance. Garnets from sample 44/11, 5 ni 
from the contact, show the most well developed zoning, -diereas 
crystals in saniple 43/3, 0.1 m from the contact, are relatively 
unzoned. 
Conclusions 
Garnet, r ich in the grossular molecule (70-9^), is the most 
abundant mineral found in the metamorphic aureole. Andradite, 
with over 60^ ^ of the end-member molecule, has been recorded for 
the f i r s t time. Cel l -s ize determinations show a range from 
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0 0 
11,811 A to 11.871 A, which are somevdiat lower than those given 
by Deer, Howie and Zussman (I962) for the grossular/andradite 
series. Petrographic examination reveals that the garnets vary-
greatly in form and size, anisotropism i s usually present • 
(Plates 5.1 and 5*4), viiile sector t>vinning i s seen in some 
samples (Plate 5.1) . Well developed optical zoning i s only 
rarely seen (Plate 5.3) . Compositional zoning, of the 'normal' 
type (Leake, I967), i s only well developed in two crystals, from 
sample 44/11, surrounded by pyrite. The majority of the garnets 
showing no regular zoning, 
FELDSPAR 
Albite feldspar i s a common constituent of low-grade meta-
morphic rocks and i s an indicator mineral of the albite-epidote 
hornfels facies of contact metamorphism. Albite adinoles are 
often developed at basic igneous contacts and are due to Na 
metasomatism, according to Deer, Howie and Zussman (I962), 
Albite i s an abundant mineral in the 7?hin aureole, extending to 
over 10 m from the contact. The actual limit i s unknown because 
of an absence of suitable samples between 10 and 20 m from the 
contact. Sodic feldspar has also been recorded as an abundant 
mineral in the aureole of the Palisade s i l l (Van Houten, 1971). 
In the present study, the adinole areas may be recognised in 
hand-specimen by their red colouration (Plate 3.5). In thin-
section, the feldspar is usually very fine-grained (Plates 3.16 
and 5.10). In plane-polarised light, the feldspar areas usually 
have a distinctive reddish colour (Plate 3.12). In some samples, 
the feldspar becomes coarser and individual, lath-shaped crystals 
are v is ible (Plates 3.13 and 5 .1 l ) . Well developed laths up 
Plate 5.10 Sample 35/4. Cryptocrystalline mixture of. feldspar 
and quartz, clouded with carbonaceous material. 
(x250) 
Analyses 35/4-1 to 6, approximate positions of feldspar analyses. 
Plate.5.11 Sample 44/7. Lath-shaped, albite twinned plagio-
clase crystals set in calcite matrix. (xl20) 
Analysis 1+4/7-1 Albite-twinned feldspar. 3 points, lA-lC 
Plate 5.12 Sample 44/7. Albite-twinned plagioclase feld-
spars, set in calcite matrix. (xl20) 
Analysis 44/7-2 Untwinned feldspar crys ta l . 1 point. 
Analysis 44/7-4 Albite-twinned plagioclase. 1 point. 
Analysis 2+4/7-5 Twinned plagioclase. 2 points, 5A-5B 
Analysis 44/7-6 Plagioclase feldspar. 1 point. 








to 0.3 mm in length, showing albite twinning, are present in 
sample kU/l (Plate 5.11). Albite twinning i s dominant in the 
coarser-grained feldspar but occasionally carlsbad twins are 
developed (Plate 5.6), The fine-grained feldspars are highly 
clouded due to minute inclusions. 
Electron microprobe analysis 
Electron microprobe analysis has been used extensively in 
the examination of the feldspars, because of their fine-grained 
nature. The feldspar analyses, atomic proportions and end-
member compositions are presented in Appendix 5.2. The end-
member compositions and atomic proportions have been calculated 
using a computer programme written by E . B. Curran of the Dept. 
of Geology, University of Durham. Electron microprobe analysis 
of the coarser-grained feldspar proved relatively sinrple but the 
fine-grained material presented di f f icul t ies because of the 
d i f f i cu l ty in resolving individual crystals, especially in the 
reflected light optics of the probe. The analysis point, in 
this case, was chosen close to a readily identifiable inclusion, 
but some errors in the analysis may have arisen by the placing 
of the electron beam on an unseen fracture or grain-boundary. 
Forty-three analyses of the contact feldspars have been 
undertaken and of these, three are r ich in the orthoclase 
component and thirty-nine are plagioclases (Appendix 5.2). Of 
the plagioclases, over 5P^ are very rich in the Ab molecule with 
greater than 9 ^ of the end-member, while almost 82^ of the 
contact metamorphic plagioclases analysed have greater than Ab^^. 
The approximate positions of the six points analysed from 
.105. 
sam.ple 35/4 are shown in Plate 5.10, Three of the four analyses, 
close to the fracture (Plate 5.10), have greater than Or^y. These 
potassic feldspars are believed to have formed by the concentration 
of K, from the inter-layer position in i l l i t e into late-stage pore 
solutions before, crystal l ization along the fractures such as that 
seen in Plate 5.10. Analyses 43/3-1 to 43/3-3 are of points across 
a carlsbad twin and adjacent crystals as shown in Plate 5.6. 
Analyses 43/3-4 to 43/3-9 are single points of fine-grained feldspar, 
shown in Plate 3 . I 6 . The analyses of the carlsbad twin (Plate 5.6) 
show two points rich in albite (lA and I C ) and one with Or-^i (1B) 
suggesting that there may be some antiperthitic intergrowth in the 
crystal . Of the remaining analyses from sample 43/3, six have 
greater than Ab^g, while the remaining two have compositions of 
Ab^ Q and AbgQ. 
Eleven crystals of coarser-grained feldspar were analysed 
from sample 44/7, six of l^Aiich are shown in Plates 5.11 and 5.12. 
Even though a l l the crystals are in a calcite matrix, sixteen of 
the seventeen points analysed showed greater than 97^ of the Ab 
component, while analysis 2(4/7-8 bad greater than 13^ of the An 
component. Analyses of feldspars from saiople 2f4/ll were of fine 
to medium-grained material, a l l of which have greater than Ab^^. 
Analysis was also made forrPe in a number of cases, especially 
where the feldspar v/as reddish in colour. A maximum of O.9JS 
Fe20^ ( total iron) v/as recorded in sample 43/3-6 but it i s not 
possible to distinguish whether the Pe i s present in the structure 
or as an oxide coating around the grains. 
Feldspar composition from previous work 
The present work has shown that feldspars rich in the albite 
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component (>95^ Ab) are dominant in the aureole with only minor 
amounts of orthoclase and oligjsclase present. Previous work, 
however, has suggested that a more calcic plagioclase i s present. 
Hutchings (I898) suggested the presence of anorthite, using optical 
methods, while Harbord (I962) also suggested the presence of fe ld-
spar in the range labradorite to anorthite on the basis of an X-ray. 
powder photograph. Dunham (1948) was of the belief that the fe ld-
spar was probably oligoclase. 
Comparison of feldspar compositions using optical and 
electron microprobe methods 
The optical properties of the coarser-grained plagioclases were 
examined, because of the variation in composition suggested by the 
present and previous work. The optical properties of feldspar from 
four samples are shown in Table 5.2. The 2¥ measurements were kindly 
made by Dr. G. Borrodaile, using a four-axis universal stage. The 
maximum extinction angles (Michel-Levy) and optic signs were 
measured by the author. 
Table 5.2 Plagioclase feldspars, optical determinations 
Sample Max. isxt. Optic 2V 
angle sign 
19/20 10 - n.d. 
43/11 12 - n.d. 
44/7-1 10 - 79±4 
2,4/7-3 10 • + 93±4 
2t4/7-4 12 - n.d. 
2,4/7-5 8 + n.d. 
2,4/9 20 - n.d. 
n.d. , not determined 
The measurements, in samples 19/20, 43/11 and 2^4/9, were made 
on at least four crystals . The number was smaller than would have 
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been preferred because selection was limited due to the f ine-
grained nature of the material. The readings given for sample 
2+4/7 are of individual crystals which have been analysed (Appendix 
5.2). The maximum extinction angles of feldspars from samples 
19/20, 43/11 'and 44/7 are indicative of an oligoclase composition, 
the negative sign suggesting an An content of 28 to 3C^. The 2V 
measurement of sample 44/7-3 i s also compatible with oligoclase. 
The optical properties of feldspars from sample 44/9 are indica-
tive of an andesine con^josition with as much as 3 ^ of the An 
con^jonent. The optical properties of the present feldspars 
appear, then, largely to substantiate the oligoclase coniposition 
suggested by Dunham (1948). The electron microprobe analyses, 
described earl ier , have shown that albite i s the dominant fe ld-
spar: only two oligoGlase con^jositions were recorded, with a 
maximum An content of 1 3 . ^ . The microprobe results are, there-
fore, at variance with the results obtained by optical methods. 
Although the structural state of the present feldspars has 
not been determined, i t seems without doubt that they must belong 
to the low-albite series. I t has been recently shown that in the 
low-albite series, there is a compositional break between Anj^  and 
An24 (Barth, I969). Over this compositional range there is no 
solid solution; instead, the crystals are unmixed into separate 
sodic and calcic phases.(peristerites). Of the thirty-nine 
plagioclase analyses, twenty-five l i e in the compositional f i e ld 
of the peristerites , the remaining fifteen having greater than 
Ab^^. In analysing peristerites, the composition determined 
w i l l be dependant upon the size of the intergrowth and the 
proportions of the sodic and calcic phases excited by the electron 
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beam. Thus the analyses very r ich in the Ab component may 
represent areas where no calciiim phase is present and the oligo-
clase compositions, 43/3-4 and areas where a calcium 
phase.is present in greater proportion. 
Barth (I969) shows that the low-temperature plagioclases have 
extremely complicated optical and crystallographic properties, 
which change in a very irregular manner with composition. The 
anomalies noted above between the optical and microprobe results 
seem, therefore, attributable to the irregular variation of 
optical and crystallographic properties in the peristerites, 
Plagioclases lying above the peristerite range have also been 
examined, to determine the relationship between the optical 
properties and electron microprobe results of these feldspars. 
Plagioclase from the normal Whin S i l l dolerite (2^4/25) and 
pegmatite ( L / 8 6 0 ) has been analysed and the results are given in 
Appendix 5.2, The dolerite feldspars are sodic-labradorite and 
calcic-andesine, with a difference of An content of over ^ 
between the centre (lA) and the rim (IB) of crystal 2,4/25-1. 
Three plagioclases were analysed from the pegmatite, two of 
which are also andesine in composition ( L 8 6 O - I and L / 8 6 O - 3 ) , 
while analysis L / 8 6 0 - 2 i s of an albite composition. The optical 
measurements taken on these two samples are given in Table 5.3. 
The composition of crystal 2^^/25-1, using the carlsbad-albite 
method, i s An^^, agreeing extremely well with the microprobe 
average analysis of An52f.5* ^^e maximum extinction angle re-
corded, from a number of readings, from sample 2^ 4/25 is 22° and 
indicative of ki^-]_. While not in agreement with analysis 
2,4/25-1, i t shows close agreement with analysis 2,4/25-2, which 
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T a b l e 5.3 O p t i c a l measurements on Wi±n S i l l p l a g i o c l a s e . 
Sample E x t . O p t i c 
a n g l e s . s i g n 
lA/25-1 15 and 30^ + 
44/25 22+ 
L /860 9^ 
( x ) , C a r l s b a d - a l b i t e t w i n 
( + ) , M i c h e l - L e v y method 
has an An c o n t e n t o f 1+2,2^. On ly a f e w c r y s t a l s c o u l d be examined 
i n t h e p e g m a t i t e because o f s e r i c i t i z a t i o n . The e x t i n c t i o n a n g l e 
o b t a i n e d i s i n d i c a t i v e o f an An c o n t e n t o f 27;1, b u t t h i s may n o t 
be r e p r e s e n t a t i v e o f t h e s ample . The m i c r o p r o b e r e s u l t s f o r t h e 
p e g m a t i t e show t w o c r y s t a l s w i t h An g r e a t e r t h a n kC^ and one 
a n a l y s i s w i t h An l e s s t h a n l^. F i n a l l y , f o u r p o i n t - a n a l y s e s have 
been made on p l a g i o c l a s e f r o m an a l l i v a l i t e sample o f D r . C . H . 
Emeleus , D e p t . o f Geo logy , U n i v e r s i t y o f Durham. The a n a l y s i s o f 
CHE 1 shows a v a r i a t i o n f r o m A n ^ g . l j a t t h e c o r e , t o A n g ^ . g a t t h e 
r i m o f t h e c r y s t a l . The second c r y s t a l (CHE 2) shows a s i m i l a r 
b u t n o t so marked d i f f e r e n c e . The average o f t h e a n a l y s e s , 
8 6 . A n , agrees q u i t e " w e l l w i t h t h e o p t i c a l d e t e r m i n a t i o n o f 
AxiQi^ g i v e n by D r . Emeleus . 
C o n c l u s i o n s 
F e l d s p a r i s a common c o n s t i t u e n t o f t h e a l t e r e d c a l c a r e o u s 
s e d i m e n t s o f t h e Whin a u r e o l e . I t i s u s u a l l y v e r y f i n e - g r a i n e d 
and r e d d i s h c o l o u r e d , p r o b a b l y due t o t h e p resence o f f i n e - g r a i n e d 
h a e m a t i t e . E l e c t r o n m i c r o p r o b e a n a l y s i s has shown t h a t p l a g i o c l a s e 
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f e l d s p a r , r i c h i n t h e Ab m o l e c u l e ( > 9 ^ ) , b u t r a n g i n g f r o m Ab-j_QQ 
t o A b g y , i s d o m i n a n t . S m a l l q u a n t i t i e s o f p o t a s s i c f e l d s p a r have 
been r e c o r d e d , f o r t h e f i r s t t i m e , c l o s e t o f r a c t u r e s . Coa r se r 
g r a i n e d , l a t h r r s h a p e d c r y s t a l s a r e o c c a s i o n a l l y d e v e l o p e d whose 
c o m p o s i t i o n , d e t e r m i n e d o p t i c a l l y , i s i n t h e o l i g o c l a s e r a n g e . 
The d i s p a r i t y be tween t h e o p t i c a l and m i c r o p r o b e d e t e r m i n a t i o n s 
i s s u g g e s t e d t o be t h e r e s u l t o f c o m p l i c a t i o n s p r o d u c e d by t h e 
u n m i x i n g o f t w o phases i n t h e p e r i s t e r i t e r a n g e . B a r t h (I969) 
h a v i n g shown t h a t t h e o p t i c a l p r o p e r t i e s o f t h e p e r i s t e r i t e s 
v a r y i r r e g u l a r l y w i t h c o m p o s i t i o n . 
EPIDCgE 
E p i d o t e i s a common m i n e r a l seen i n t h e r m a l a u r e o l e s and i t s 
p r e sence i s t y p i c a l o f t h e a l b i t e - e p i d o t e h o r n f e l s f a c i e s . I t i s 
a common m i n e r a l i n t h e ' W i i n a u r e o l e and was o r i g i n a l l y r e c o g n i s e d 
by H u t c h i n g s ( I898) . I t i s t h e m i n e r a l w h i c h o c c u r s t h e g r e a t e s t 
d i s t a n c e f r o m t h e c o n t a c t and i s f o u n d a t 25.7 m f r o m t h e base o f 
b o r e h o l e 47, w h i c h d i d n o t p e n e t r a t e t h e TThin S i l l . 
P e t r o g r a p h i c d e s c r i p t i o n 
, The e p i d o t e c r y s t a l s o c c u r i n a g r e a t v a r i e t y o f f o r m and 
s i z e . P i n e - g r a i n e d , (<0.01 mm) g r a n u l a r e p i d o t e o f t e n o c c u r s , 
a s s o c i a t e d w i t h f i n e - g r a i n e d f e l d s p a r , c l o s e t o t h e c o n t a c t 
( P l a t e 3 .19) . C o a r s e r - g r a i n e d , g r a n u l a r e p i d o t e o c c u r s i n o p t i c a l 
c o n t i n u i t y i n san^j le 35/4 ( P l a t e 3.20). I d i o b l a s t i c and s u b -
i d i o b l a s t i c e p i d o t e i s o f t e n seen i n a c a l c i t e o r c h l o r i t e m a t r i x 
( P l a t e s 3.18 and 3.15). P l a t e 3.15 shows a c r o s s - s e c t i o n o f an 
e p i d o t e i n w h i c h o n l y s i m p l e ( O O l ) , ( l O O ) and ( l O l ) f o r m s appear 
t o be d e v e l o p e d . I n p l a n e - p o l a r i s e d l i g h t , t h e e p i d o t e s a r e o f t e n 
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s l i g h t l y c o l o u r e d and p l e o c h r o i c w i t h X = c o l o u r l e s s , Y = p a l e 
g r e e n - y e l l o w , and Z = p a l e g r e e n . I n t e r f e r e n c e c o l o u r s range 
f r o m f i r s t t o u p p e r - s e c o n d o r d e r and anomalous b l u e s and g r e e n i s h -
y e l l o w s a r e o f t e n seen . A b i a x i a l , n e g a t i v e i n t e r f e r e n c e f i g u r e , 
w i t h a l a r g e 2V, was o b t a i n e d f r o m t h e c r y s t a l s . The o p t i c a l 
p r o p e r t i e s ag ree w i t h t h o s e o f t h e t y p e e p i d o t e . 
E l e c t r o n m i c r o p r o b e a n a l y s i s 
N i n e t e e n p a r t i a l p o i n t a n a l y s e s on s i x t e e n e p i d o t e c r y s t a l s 
f r o m s i x samples a r e p r e s e n t e d i n A p p e n d i x 5 .3 . These r e s u l t s 
c o n f i r m t h e o p t i c a l i d e n t i f i c a t i o n as e p i d o t e , by t h e p re sence 
o f Pe i n a l l t h e c r y s t a l s a n a l y s e d . The Fe20^ ( t o t a l Pe ) c o n t e n t 
r a n g e s f r o m ,6.6 t o IZ.ffo, w h i c h i s n o t e s p e c i a l l y h i g h as e p i d o t e 
w i t h up t o 2^0 Pe20^ has been r e c o r d e d , (Deer , Howie and Zussman, 
1962). The c r y s t a l s a n a l y s e d i n samples 41/36 and hU-/5 a re shown 
i n P l a t e s 5.13 and 5.14. The HSn c o n t e n t i s q u i t e l o w i n t h e 
t w e l v e c r y s t a l s a n a l y s e d f o r t h i s e l e m e n t . C a l c i u m and S i appear 
r a t h e r h i g h i n some o f t h e a n a l y s e s f r o m samples 35/4, 41/36 and 
43/3 as con^jared w i t h t h o s e q u o t e d by Deer , Howie and Zussman 
(1962). Two o f t h e a n a l y s e s , w i t h t h e l o w e s t (35/4) and h i g h e s t 
( 4 4 / l l - l B ) Pe c o n t e n t s , have been r e c a l c u l a t e d t o end-member com-
p o s i t i o n s , a s suming H20'*' as on t h e b a s i s o f I3 (O, OH). The 
Pe shows a range f r o m I6 t o 26 m o l . fo Fe20^, p l a c i n g t h e a n a l y s e s 
i n t h e p i s t a c i t e c o m p o s i t i o n a l r a n g e . I r o n - r i c h e p i d o t e s 
( p i s t a c i t e ) c a n f o r m a t q u i t e l o w t e m p e r a t u r e s i n b u r i a l m e t a -
m o r p h i s m ( W i n k l e r , I968) b u t i n t h e g r e e n s c h i s t f a c i e s i t i s 
u s u a l l y a v a r i e t y w i t h l o w Fe c o n t e n t , a z o i s i t e o r c l i n o -
z o i s i t e ( W i n k l e r , I 968 ) . L i t t l e , however , appears t o be r e c o r d e d 
on t h e c o m p o s i t i o n o f e p i d o t e s i n c o n t a c t a u r e o l e s and i t i s . 
P l a t e 5.13 Sample 4 I / 3 6 . S u b - i d i o b l a s t i c e p i d o t e c r y s t a l s 
w i t h r e c r y s t a l l i z e d q u a r t z i n a f i n e - g r a i n e d 
a d i n o l e m a t r i x . (x50) 
A n a l y s e s Zf l / 36 -1 and 2 E p i d o t e c r y s t a l . 2 p o i n t s . 
P l a t e 5.14 Sample 44 /5 . G r a n u l a r e p i d o t e i n a d i n o l e m a t r i x . 
( x l O O ) . 
A n a l y s e s 244/4 - I and 2 E p i d o t e c r y s t a l . 2 p o i n t s . 
P l a t e 5'15 Sample 44/9A. I d o c r a s e c r y s t a l , s h o w i n g l o n g i -
t u d i n a l s e c t i o n , s e t i n a f i n e - g r a i n e d m a t r i x o f 
c h l o r i t e . (x l20) 
A n a l y s i s Z(4/9A-1 I d o c r a s e c r y s t a l . 4 p o i n t s . 
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P l a t e 5.13 
P l a t e 5.14 
P l a t e 5.15 
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t h e r e f o r e , d i f f i c u l t t o e s t a b l i s h i f t h e modera te Pe c o n t e n t o f 
t h e e p i d o t e , r e c o r d e d i n t h e p r e s e n t s t u d y , i s t y p i c a l f o r 
c o n t a c t e n v i r o n m e n t s . 
C o n c l u s i o n s 
E p i d o t e i s a common m i n e r a l i n t h e Whin a u r e o l e , o c c u r r i n g a t 
t h e g r e a t e s t d i s t a n c e s (>25 m ) , f r o m t h e c o n t a c t , o f any m i n e r a l . 
I d i o b l a s t i c c r y s t a l s , a r e o f t e n p r e s e n t , t h e o p t i c a l p r o p e r t i e s o f 
w h i c h sugges t e p i d o t e , sensu s t r i c t o . E l e c t r o n m i c r o p r o b e 
a n a l y s i s has c o n f i r m e d t h e o p t i c a l i d e n t i f i c a t i o n , showing Fe203 
( t o t a l F e ) c o n t e n t s r a n g i n g f r o m 6.6 t o 12,"/^. 
IDOCRASE 
I d o c r a s e was f i r s t r e c o r d e d i n t h e Whin a u r e o l e by H u t c h i n g s 
(1898) and was f o u n d i n g r e a t abundance by R a n d a l l (1939). I t 
a l s o o c c u r s i n g r e a t e r abundance, i n Upper T e e s d a l e , t h a n was 
o r i g i n a l l y t h o u g h t ( R o b i n s o n , 1970) and ex t ends t o j u s t ove r 5 -m:-
f r o m t h e W h i n c o n t a c t . 
P e t r o g r a p h i c d e s c r i p t i o n 
The i d o c r a s e u s u a l l y f o r m s i d i o b l a s t i c t o s u b - i d i o b l a s t i c 
c r y s t a l s . Those f o u n d i n a r a f t a t B a r r a s f o r d q u a r r y , Northiam-
b e r l a n d ( R a n d a l l , 1959) o f t e n show anomalous b l u e i n t e r f e r e n c e 
c o l o u r s . The i d o c r a s e r e c o r d e d f r o m t h e b o r e h o l e s a t Cow Green 
i s o f t e n s e t i n a m a t r i x o f f i n e - g r a i n e d c h l o r i t e . L o n g i t u d i n a l 
s e c t i o n s a r e o f t e n p r e s e n t ( P l a t e 5.15), showing w e l l d e v e l o p e d 
f a c e s , p r o b a b l y ( l l O ) , ( i l l ) and ( O O l ) . L o n g i t u d i n a l s e c t i o n s up 
t o 0,31 m l o n g and b a s a l s e c t i o n s up t o 0.1 mm w i d e have been 
r e c o r d e d . B a s a l s e c t i o n s showing p r o b a b l e (110) and s m a l l , ( lOO) 
f a c e s a r e shown i n P l a t e 5 .I6. I n p l a n e - p o l a r i s e d l i g h t i n 
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sample 45/1, t h e i d o c r a s e c r y s t a l s a r e a y e l l o w i s h - b r o w n c o l o u r 
and s l i g h t l y p l e o c h r o i c , b u t i n o t h e r samples a r e c o l o u r l e s s . 
Anomalous c o l o u r s have n o t been r e c o r d e d i n t h e T e e s d a l e samples . 
S m a l l c r y s t a l s f r o m sample 44/11 gave b i a x i a l p o s i t i v e i n t e r -
f e r e n c e f i g u r e s w i t h a l o w 2V. 
E l e c t r o n m i c r o p r o b e a n a l y s i s 
T w e n t y - o n e p a r t i a l a n a l y s e s o f f i v e c r y s t a l s , i n f o u r san5)les 
have been made and a r e p r e s e n t e d i n A p p e n d i x 5 .4. The ana lyses 
o f c r y s t a l s 43/7 and 4 5 / l appear t o have l o w t o t a l s , w h i c h may be 
due t o Al20_3 b e i n g s l i g h t l y t o o l o w . T h e r e i s a r e a s o n a b l e s i m i -
l a r i t y be tween t h e g a r n e t and i d o c r a s e a n a l y s e s , a l t h o u g h MgO 
o c c u r s i n s i g n i f i c a n t l y h i g h e r c o n c e n t r a t i o n s i n t h e i d o c r a s e . 
T h i s i s p r o b a b l y because i t i s u s u a l l y f o u n d i n a m a t r i x o f 
c h l o r i t e . A n a l y s e s have been made a c r o s s t h r e e c r y s t a l s t o 
e s t a b l i s h i f any z o n i n g i s p r e s e n t . Diagrams showing t h e v a r i a t i o n 
a r e g i v e n i n F i g . 5 ,4. 
A s m a l l i n c r e a s e o f T i 0 2 i s seen i n t h e c o r e s o f c r y s t a l s f r o m 
sample 44/9A, w h i l e 4 5 / l a l s o shows an i n c r e a s e away f r o m t h e r i m 
w h i c h i s f o l l o w e d by a d e p l e t i o n e f f e c t . The l a t t e r specimen 
a l s o shows a d e p l e t i o n o f MgO i n t h e c o r e , f r o m 4 t o 1.8^, w h i l e 
a r e c i p r o c a l i n c r e a s e i n FeO ( t o t a l F e ) i s seen f r o m 3.8 t o 6.(^, 
B e s i d e s a s l i g h t c o r e d e p l e t i o n o f FeO i n t h e c o r e o f 4V'9A-1, no 
o t h e r v a r i a t i o n i s s e e n . 
C o n c l u s i o n s 
I d o c r a s e has been r e c o r d e d t o j u s t o v e r 5 m f r o m t h e Whin 
S i l l c o n t a c t . I t o c c u r s d o m i n a n t l y i n i d i o b l a s t i c t o sub-
i d i o b l a s t i c c r y s t a l s , o f t e n i n a m a t r i x o f f i n e - g r a i n e d c h l o r i t e . 
.115. 
E l e c t r o n m i c r o p r o b e a n a l y s e s agree s a t i s f a c t o r i l y w i t h t h o s e 
q u o t e d by Deer , Howie and Zussman (I962). S l i g h t z o n i n g i s seen 
i n some c r y s t a l s , i n t h e e l e m e n t s Pe, Mg and T i . 
CLmOPYRQXENE 
D i o p s i d i c py roxene i s a p a r t i c u l a r l y common m i n e r a l i n c o n t a c t 
me tamorph ic , , c a l c a r e o u s s e d i m e n t s . C l i n o p y r o x e n e has been r e c o r d e d 
i n f o u r sa rq j l e s , , e x t e n d i n g up t o 7 ni f r o m t h e c o n t a c t . I t i s most 
abundant i n sample 35/4 a t t h e immedia te c o n t a c t , where i t i s 
f o u n d i n a s s o c i a t i o n w i t h g r o s s u l a r , e p i d o t e , p r e h n i t e and c a l c i t e . 
The i d i o b l a s t i c t o s u b - i d i o b l a s t i c f o r m has o n l y been r e c o r d e d 
f r o m spec imen 35/4, where a s m a l l g roup o f c r y s t a l s occu r s u r r o u n d e d 
by g r o s s u l a r . E l o n g a t e g r a i n s , up t o 0.5 nm i n l e n g t h , , a r e 
d o m i n a n t , a l t h o u g h a s u b - i d i o b l a s t i c b a s a l s e c t i o n i s p r e s e n t 
s h o w i n g t h e two p y r o x e n e c l e a v a g e s . N o r m a l l y t h e py roxene occu r s 
i n f i n e - g r a i n e d g r a n u l a r c r y s t a l s , o f t e n a s s o c i a t e d w i t h e p i d o t e . 
The c r y s t a l s a r e c o l o u r l e s s and have f i r s t t o s e c o n d - o r d e r i n t e r -
f e r e n c e c o l o u r s . The c r y s t a l s f r o m 35/4 g i v e a b i a x i a l p o s i t i v e 
i n t e r f e r e n c e f i g u r e w i t h a modera t e 2V and an e x t i n c t i o n a n g l e 
( Z : c ) o f 4 9 ° . S p e c i f i c i d e n t i f i c a t i o n o f t h e c l i n o p y r o x e n e was 
n o t p o s s i b l e f r o m s i m p l e o p t i c a l vrork b u t was a c h i e v e d w i t h m i c r o -
p r o b e a n a l y s i s . 
E l e c t r o n m i c r o p r o b e a n a l y s i s 
N i n e p o i n t a n a l y s e s o f e i g h t p y r o x e n e c r y s t a l s , f r o m t w o 
samples , have been u n d e r t a k e n and t h e r e s u l t s g i v e n i n A p p e n d i x 
5.5 . The a t o m i c p r o p o r t i o n s and end-member c o m p o s i t i o n s a r e a l s o 
g i v e n i n t h e A p p e n d i x and were d e t e r m i n e d u s i n g a computer p r o -
gramme w r i t t e n by E . B . C u r r a n , D e p t . o f Geology , U n i v e r s i t y o f 
Durham. 
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The c o m p o s i t i o n s o f t h e py roxenes f r o m t h e two samples a r e 
q u i t e d i f f e r e n t , as shoym i n F i g . 5 .5 . A l l a n a l y s e s l i e c l o s e t o 
t h e d i o p s i d e - h e d e n b e r g i t e j o i n , sample 4 5 / l h a v i n g an average o f 
o v e r 52 a t o m i c p e r c e n t Ca, w h i l e 35/4 has an average o f j u s t 
u n d e r ^Ofo. The a n a l y s e s o f 35/4 a r e Fe r i c h , each p o i n t h a v i n g 
2+ 
o v e r 48 a t o m i c p e r c e n t Fe + Mn and t h e s e f a l l v i r t u a l l y a t t h e 
end-member c o m p o s i t i o n f o r h e d e n b e r g i t e , w i t h l e s s t h a n 2 a t o m i c 
p e r c e n t Mg r e c o r d e d i n a l l c a s e s . T h i s r e c o r d o f h e d e n b e r g i t e 
i s t h e f i r s t f r o m t h e Whin S i l l a u r e o l e . The c o m p o s i t i o n s o f 
c r y s t a l s f r o m 4 5 / l l i e s t r i c t l y above t h e d i o p s i d e - h e d e n b e r g i t e 
s e r i e s ( D e e r , Howie and Zussman, I962) b u t s h o u l d s t i l l be r e -
g a r d e d as b e l o n g i n g t o t h e s e r i e s . The c o m p o s i t i o n s f a l l 
a p p r o x i m a t e l y on t h e d i o p s i d e - s a l i t e bounda ry , t h e c r y s t a l s 
h a v i n g an average Ca:Mg:Fe r a t i o o f 53:37:10 ( A p p e n d i x 5 . 5 ) . 
N o r m a l l y , however , m i n e r a l s f r o m t h e d i o p s i d e - h e d e n b e r g i t e 
s e r i e s have l o w AI2O3 and Ti02 c o n t e n t s o f be tween 1 t o 3?5 and 
b e l o w ifo r e s p e c t i v e l y . I n t h e p r e s e n t ana ly se s AI2O3 and Ti02 
a r e l o w i n 35/4 b u t i n 4 5 / l , Al20^ i s c o n s i d e r a b l y higiher , . 
r a n g i n g f r o m 5.8 t o 9.6fo wihlle Ti02 v a l u e s v a r y f r o m 0.4 t o 
3 . i ^ ^ . These v a l u e s a re more c o m p a t i b l e w i t h t h e a u g i t e ana ly se s 
q u o t e d by Deer , Howie and Zussman ( I 9 6 2 ) , w h i l e Ti02 i n 45/1-2 
approaches v a l u e s seen i n t i t a n a u g i t e . Deer , Howie and Zussman, 
howeve r , do quo te d i o p s i d e - h e d e n b e r g i t e ana lyses w i t h AI2O3 and 
T i O ^ v a l u e s a p p r o a c h i n g t h o s e i n t h e p r e s e n t s t u d y . An AI2O3 
c o n t e n t o f d . ^ and T i02 o f 3.C9S have been quo ted and t h u s i t 
seems r e a s o n a b l e t o c l a s s i f y t h e 45/1 a n a l y s e s as d i o p s i d e -
s a l i t e . 
These c l i n o p y r o x e n e s a re d i s t i n c t i v e i n t h a t t h e y a r e t h e 
P i g u r e 5.5 D i s t r i b u t i o n o f p y r o x e n e a n a l y s e s , w i t h r e s p e c t 
t o Ca, Mg and Pe^ "*" + Mn a t o m s . 
E l e c t r o n m i c r o p r o b e a n a l y s e s ( A p p e n d i x 5 « 5 ) , w i t h t o t a l Pe as Pe^"*". 
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P i g u r e 5.5 
. 1 1 8 . 
o n l y phases d e v e l o p e d , i n t h e Whin a u r e o l e , w h i c h a r e r i c h i n 
Pe^* and Mg. P e r r o u s i r o n , a l t h o u g h n o t d e t e r m i n e d s e p a r a t e l y ' 
f r o m Pe-5*, i s p r o b a b l y r e l a t i v e l y l o w i n t h e o t h e r m i n e r a l s . 
P r e v i o u s l y , i d o c r a s e has shown t h e h i g h e s t MgO c o n t e n t w i t h a 
maximum o f 4.<^ i n sample 4 5 / l , whereas i n t h e py roxene a n a l y s i s 
4 5 / I - 3 , ^3'7fo MgO has been r e c o r d e d . The t w o samples w i t h t h e 
most p y r o x e n e a r e f o u n d a t t h e immedia te c o n t a c t and i n sample 
35/4, c h l o r i t e i s n o t a b l y a b s e n t . I t i s p o s s i b l e t h a t c l o s e t o 
t h e c o n t a c t , t e m p e r a t u r e s were e l e v a t e d f o r l o n g enough t o a l l o w 
some b reakdown o f c h l o r i t e , w h i c h w o u l d t h e n r e l e a s e Pe^ "** and Mg 
t o be i n c o r p o r a t e d i n t h e p y r o x e n e s . The absence o f Mg i n 35/4 
i s p u z z l i n g , u n l e s s , however , i t was d e r i v e d f r o m t h e breakdown 
o f an e s p e c i a l l y F e - r i c h c h l o r i t e . H e d e n b e r g i t e i s o f t e n f o u n d 
i n l i m e s t o n e s k a r n s , t h e Pe2+ b e i n g d e r i v e d f r o m an a d j a c e n t 
i n t r u s i o n ( H a r k e r , I932) . T h i s i n t r o d u c t i o n o f Pe2+ i s no t 
b e l i e v e d t o have t a k e n p l a c e i n t h e p r e s e n t case , as i t u s u a l l y 
o c c u r s i n t h e v i c i n i t y o f g r a n i t i c b o d i e s . The h e d e n b e r g i t e i s 
n o t abundant and i t s a s s o c i a t i o n w i t h g r o s s u l a r r a t h e r t h a n 
a n d r a d i t e i s a l s o e v i d e n c e a g a i n s t t h e i n t r o d u c t i o n o f Pe f r o m 
t h e i n t r u s i o n . 
C o n c l u s i o n s 
C l i n o p y r o x e n e has been r e c o r d e d f r o m f o u r samples up t o 7 m 
f r o m t h e c o n t a c t . N o r m a l l y t h e p y r o x e n e o c c u r s as f i n e - g r a i n e d , 
g r a n u l a r c r y s t a l s , b u t i d i o b l a s t i c s e c t i o n s a r e p r e s e n t i n 
sample 35/4. E l e c t r o n m i c r o p r o b e a n a l y s i s has shown t h e p resence 
o f t w o d i s t i n c t : py roxenes i n t h e t w o samples a n a l y s e d . D i o p s i d e -
s a l i t e and h e d e n b e r g i t e c o m p o s i t i o n s have been r e c o r d e d . These 
m i n e r a l s show t h e h i g h e s t Pe^ "*" and Mg c o n t e n t o f t h e metamorph ic 
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m i n e r a l s i n t h e a u r e o l e and may be due t o t h e breakdown o f c h l o r i t e 
r e l e a s i n g t h e s e e l e m e n t s , 
PREMITE 
P r e h n i t e o f t e n o c c u r s as a h y d r o t h e r m a l m i n e r a l i n igneous 
r o c k s and as a common c o n s t i t u e n t o f r o c k s s u b j e c t e d t o b u r i a l 
me tamorph i sm ( W i n k l e r , I968) . I t i s a l s o f o u n d i n metamorphosed 
l i m e s t o n e s ( D e e r , Howie and Zussman, I962) , a l t h o u g h r e c o r d s o f 
s u c h o c c u r r e n c e s seem r a t h e r r a r e . Van H o u t e n ( l 9 7 l ) has r e c o r d e d 
i t i n t h e a u r e o l e o f t h e P a l i s a d e s i l l and i t has a l s o been r e -
c o r d e d , f o r t h e f i r s t t i m e , i n t h e p r e s e n t s t u d y o f t h e Whin 
a u r e o l e . The p r e h n i t e has been r e c o r d e d i n n i n e samples , e x t e n d i n g 
up t o 5.5 m f r o m - t h e s i l l c o n t a c t . 
P e t r o g r a p h i c e x a m i n a t i o n 
The p r e h n i t e u s u a l l y o c c u r s i n s m a l l p o c k e t s and l e n s e s 
s u r r o u n d e d by g r o s s u l a r and h a v i n g s m a l l , s u b - i d i o b l a s t i c g a r n e t s 
s e t i n i t , as shown i n P l a t e s 5.2 and 5 .7 . I n p l a n e - p o l a r i s e d 
l i g h t t h e p r e h n i t e i s c o l o u r l e s s and o n l y r a r e l y shows c l e a v a g e . 
I n c r o s s e d p o l a r s , f i r s t - o r d e r , g r e y i n t e r f e r e n c e c o l o u r s a r e 
dominan t b u t l o w , s e c o n d - o r d e r a r e a l s o seen^^,and anomalous f i r s t -
o r d e r b l u e s . A c h a r a c t e r i s t i c f e a t u r e o f t h e p r e h n i t e i s i t s 
u n d u l a t o r y and i n d i s t i n c t e x t i n c t i o n , seen i n P l a t e 5-17. A 
b i a x i a l p o s i t i v e i n t e r f e r e n c e f i g u r e was o b t a i n e d f r o m t h e c r y s t a l s , 
• w i t h a v a r i a b l e 2V f r o m l o w t o m o d e r a t e , A s m a l l san^ile o f t h e 
p r e h n i t e was removed f r o m a p o l i s h e d t h i n - s e c t i o n o f 43/3 and an 
X - r a y powder p h o t o g r a p h t a k e n , t h e r e s u l t s o f w h i c h a re g i v e n i n 
T a b l e 5.4. 
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T a b l e 5 .4 X - r a y d i f f r a c t i o n o f p r e h n i t e 
43/3 A . S . T . M . 
0 0 A S t r e n g t h A S t r e n g t h 
5 . 28 10 
4.58 W 4.60 20 
4.15 10 
3.52 vw 3.53 10 
3.43 MS 3.48 90 
3.26 M 3 . 2 8 60 
3.06 S . 3 . 08 100 
2 .80 w 2 . 8 1 30 
2.62 5 
2.56 S 2.55 100 
2.33 M 2.37 40 
2.31 40 
2 .18 5 
2.13 10 
2.07 20 
1.90 w 1.93 30 
1 .80 w 1.84 20 
1.72 M 1.77 70 
1.65 W 1.69 5 
1.66 20 
S, s t r o n g . MS, medium s t r o n g . M, medium^ W, weak. W, v e r y 
weak . l / W , v e r y , v e r y weak. 
The l i n e s r e c o r d e d i n t h e sample f r o m 43/3 show good agreement 
w i t h t h o s e g i v e n i n t h e A . S . T . M . i n d e x , a l t h o u g h some o f t h e 
weaker l i n e s have n o t been r e c o r d e d f r o m t h e s a n ^ j l e . 
E l e c t r o n m i o r o p r o b e a n a l y s i s 
P a r t i a l a n a l y s e s o f t h e p r e h n i t e ( P l a t e s 5.17 and 5 . 1 8 ) have 
been u n d e r t a k e n by e l e c t r o n m i c r o p r o b e , u s i n g a d e f o c u s s e d e l e c t r o n 
beam t o m i n i m i z e v o l a t i l i z a t i o n . These a n a l y s e s a r e p r e s e n t e d i n 
A p p e n d i x 5.6, H20"'" was n o t d e t e r m i n e d b u t a n a l y s e s quoted by Deer , 
Howie and Zussman (1962) sugges t t h a t be tween 4 and 4 . ^ H20'*' i s 
p r e s e n t . A c c e p t i n g t h i s v a l u e , some, o f t h e ana ly se s appear s l i g h t l y 
l o w and a r e most l i k e l y due t o some v o l a t i l i z a t i o n , a l t h o u g h t h e 
P l a t e 5,16 Sample 44/9A. S u b - i d i o b l a s t i c , b a s a l s e c t i o n o f 
i d o c r a s e s e t i n c h l o r i t e g roundmass , (xl50) 
P l a t e 5,17 Sample 43/3. P r e h n i t e c r y s t a l , s u r r o u n d e d by 
g a r n e t , s h o w i n g c h a r a c t e r i s t i c i r r e g u l a r 
e x t i n c t i o n . ( x l O O ) 
A n a l y s i s 43/3-1 P r e h n i t e c r y s t a l , 4 p o i n t s , l A - l D 
P la te'5.18 Sample 43/3. P r e h n i t e c r y s t a l s u r r o u n d e d by 
g a r n e t . ( x l O O ) 
A n a l y s i s 43/3-2 P r e h n i t e c r y s t a l . 2 p o i n t s , 2A-2B 
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P l a t e 5.16 
P l a t e 5.17 
P l a t e 5 . 1 8 
1' 
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s tandard d e v i a t i o n o f the elements, on f o u r repeat readings, i s 
low (Appendix 5 . 9 ) . The CaO, AI2O3 and ¥020^ ( t o t a l Pe) weight 
percent oxides have been r e c a l c u l a t e d and p l o t t e d on a t r i a n g u l a r 
diagram ( P i g . 5 » 6 ) . As shown, t h e r e i s qu i te a wide v a r i a t i o n 
f r o m an almost i d e a l composi t ion (shown by the arrow) i n sample 
i t i f / l l - B ' ^ t o over 1 ^ weight percent ¥020^^ i n sample 43/3-2B. The 
two analyses w i t h the almost i d e a l compositions ( i f f f / l l ) are 
found some 5 m f r o m t h e contact w h i l e o f the remaining ten ' analyses 
e igh t are P e - r i c h and are found w i t h i n 0 .1 m o f the con tac t . 
I t was thought t h a t prehni te . d i d not show appreciable sub-
s t i t u t i o n o f Pe-^ "*" f o r A l , the analyses quoted by Deer, Howie and 
Zussman (1962) showing a maximum 'Fe20-^ content o f l.L^o. A 
maximum o f 8 . ^ Pe203 ( t o t a l Pe) has been recorded i n the present 
analyses. The analyses f o r 4-3/3-2B and 4 4 / l l - B have been r e -
c a l c u l a t e d t o atomic p r o p o r t i o n s (Table 5 . 5 ) , on the basis o f 
24(0, oh) and assuming the remainder o f t h e analyses are H20'''. 
Table 5.5 Atomic p r o p o r t i o n s , on the basis o f 2if(0, OH) , for 
2 p r e h n i t e c r y s t a l s 
43/3-2B 2 t 4 / l l - B 
S i 5.83") (• r. S i 6.12 
A l 0 .17) A l 3.89 
A l 3.111 Ca k.02] 
Pe3+ O.Q3\l+,Ok Na 0 . 0 3 ) ^ ^ ^ 
Mg 0.04 OH 3.76' 
Na 0 . - ^ t ^ - ° 5 ) . 0 6 j ^ - " 
OH 3.98 
The r e c a l c u l a t i o n shows t h a t on t h e assumptions made, over 22^ 
s u b s t i t u t i o n o f A l by Fe^* has occurred, between the two t h e o r e -
t i c a l end-members, Ca2Al2Si30io(OH)2 and Ca2Pe^'*"Si30io(OH)2. 
Figure 5 .6 D i s t r i b u t i o n o f p r e h n i t e analyses w i t h respect 
t o kl2^y CaO and YQ2'^-^> weight pe r cen t . 
E l e c t r o n microprobe analyses (Appendix 5 . 6 ) , w i t h t o t a l Fe as 
Fe202. The arrow on s ide o f t r i a n g l e represents t h e i d e a l 
compos i t ion , Ca2Al2Si^O]_o(OH)2. The square represents the 
average compos i t ion o f t h e most F e - r i c h c r y s t a l recorded by 
Surdam ( I 9 6 9 ) . 
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The present microprobe analyses agree extremely w e l l w i t h those 
o f Surdam (I969), who undertook 612 p o i n t analyses, on 18 
p r e h n i t e samples, f r o m metavolcanics on Vancouver I s l a n d , B r i t i s h 
Columbia. His analyses showed an average range o f Fe20^ f r o m 0.1 
t o a l though a maximum of 10.was recorded i n one a n a l y s i s . 
The square i n F i g . 5.6 shows the composit ion o f t h e most F e - r i c h 
c r y s t a l , averaged f r o m severa l p o i n t analyses, recorded by Surdam. 
(1969). By comparison, the present analyses show a range f r o m 
<0.05 t o 8.^. Hasimoto (I968) suggested t h a t less than 20^ 
s u b s t i t u t i o n o f A l by Fe^ "*" occurred i n p r e h n i t e . The present 
analyses show t h a t t h i s f i g u r e can be exceeded w h i l e Surdam 
(1969) suggests t h a t t h e l i m i t o f s u b s t i t u t i o n may be at l eas t 30^. 
Paragenesis 
E a r l y work on the s t a b i l i t y o f p r ehn i t e suggested t h a t i t 
on ly formed r a p i d l y , at low temperatures, when pressures were 
above 3Kb (Fy fe et a l . , 1958). The environment under s tudy i s , 
however, one o f low pressure, w e l l below 1Kb. Recent work has, 
however, r e s u l t e d i n the synthes is o f p r e h n i t e at IXb ( L i o u , 
1971), where i t was suggested t h a t i t s s t a b i l i t y f i e l d may 
extend t o lower pressures , but only i n an environment approaching 
i t s own b u l k compos i t ion . I n the present s tudy, p rehn i t e always 
appears t o be f i l l i n g smal l pockets surrounded by garnet (P la tes 
5.7, 5.17 and 5.18), These pockets may, t h e r e f o r e , represent 
smal l areas remaining a f t e r the development o f f e l d s p a r and 
g rossu la r , whose b u l k composi t ion c l o s e l y approached t ha t o f 
p r e h n i t e , r e s u l t i n g i n i t s f o r m a t i o n . L iou (l97l) a lso showed 
t h a t p r e h n i t e reac t s t o f o r m z o i s i t e , grossular , quartz and 
f l u i d at approximately 400°C at 3Kb. I f t h i s i s app l i cab l e at 
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lower pressures, i t a lso suggests t h a t the p r ehn i t e may have 
formed a f t e r t h e f o r m a t i o n o f g rossu la r and f e l d s p a r du r ing 
c o o l i n g o f t h e aureo le . I f p r ehn i t e forms i n t h i s manner, i t 
would have been expected t o occur i n a s s o c i a t i o n up t o the l i m i t 
o f f e l d s p a r occurrence but i t has on ly been recorded up t o 5.5 m 
f r o m t h e con t ac t . Th i s l i m i t a t i o n may not be r e a l , as i t s f o r -
mat ion at low pressures appears dependant on a pocket o f m a t e r i a l 
o f app rop r i a t e b u l k composi t ion which may not have been a v a i l a b l e 
i n a l l t h e specimens examined. 
Conclusions 
P rehn i t e has been recorded i n seve ra l samples up t o 5.5 ni 
f r o m t h e "SThin con tac t . I t occurs i n sma l l pockets, surrounded 
by garnet and shows c h a r a c t e r i s t i c i r r e g u l a r e x t i n c t i o n . E l e c t r o n 
microprobe ana lys i s has shown compositions r ang ing f r o m almost 
i d e a l j t o a composi t ion showing over 2 ^ s u b s t i t u t i o n o f A l by 
Pe'^* ( P i g . 5.6). The r e s u l t s agree extremely w e l l w i t h those o f 
Surdam (1969) and bo th sets o f analyses show Pe3+ s u b s t i t u t i o n 
o c c u r r i n g t o an extent not recorded p r e v i o u s l y . 
CHLORITE 
C h l o r i t e i s a common m i n e r a l i n the sedimentary rocks o f 
Teesdale (Harbord, I962) but i s not present i n a l l the samples 
examined. I t appears t o be p a r t i c u l a r l y common i n the c a l c -
s i l i c a t e lenses i n the marbles, where i t i s o f t e n f i n e - g r a i n e d 
but r e c r y s t a l l i z e d . P ine-gra ined c h l o r i t e , as a m a t r i x t o 
ep ido te , i s i l l u s t r a t e d i n P la te 3.15, w h i l e medium^grained 
c r y s t a l s are shown i n P l a t e 3.17. Coarse-grained c r y s t a l s up 
t o 3 mm i n l e n g t h are o f t e n seen i n c a l c - s i l i c a t e nodules (P la te 
3.18) showing green and anomalous blue i n t e r f e r e n c e c o l o u r s . 
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E l e c t r o n microprobe ana lys i s 
Pour p o i n t analyses have been made on green, r a d i a t i n g 
c h l o r i t e , s i m i l a r t o t h a t shown i n Pla te 3.18, and these are 
presented i n Appendix 5 .7 . The t o t a l s are low but are t o be 
expected because o f t h e h i g h H20"'' content i n c h l o r i t e s and 
p o s s i b l e v o l a t i l i z a t i o n d u r i n g the a n a l y s i s . I n order t o c l a s s i f y 
the c h l o r i t e s , u s i n g the system adiopted by Deer, Howie and 
Zussman ( I 9 6 2 ) and t o a l l o w comparisons t o be made, the analyses 
have been r e c a l c u l a t e d t o atomic p r o p o r t i o n s . For the purpose 
o f r e c a l c u l a t i o n , t o t a l Fe i s g iven as FeO, (OH) has been 
assumed as 16.00, and the fo rmu la has been der ived on the basis 
o f 28 oxygen equ iva l en t s , i g n o r i n g H2O. These atomic p ropor t ions 
are a l so shown i n Appendix 5 .7 , t h e number o f ' Y ' ions per 
fo rmu la u n i t i s qu i t e low i n the f i r s t two analyses and s l i g h t l y 
h i g h i n t h e second two analyses. On t h e basis o f t he assimptions 
made, the. analyses o f 43/3 f a l l i n the d iaban i te f i e l d and those 
f r o m 43/22 i n t h e r i p i d o l i t e f i e l d , i n comparison t o the aphro-
s i d e r i t e , near daphni te , recorded by Dunham (1948) , which i s less 
l i g - r i c h than those recorded here . 
A no tab le f e a t u r e o f t h e analyses i s the h i g h content o f 
CaO, r ang ing f r o m ^ t o over 1 1 ^ . I n con t r a s t , t he analyses 
quoted by Deer, Howie and Zussman (1962) only show a maximum CaO 
content o f 1 . ^ , much o f which they regard as i m p u r i t i e s present 
i n t h e c h l o r i t e . I t i s poss ib le t h a t d u r i n g the ana lys i s the 
c a l c i t e , .which was present as a m a t r i x t o the c h l o r i t e , was 
e x c i t e d by the e l e c t r o n beam, t o give r i s e t o a spurious CaO 
v a l u e . I t i s a lso poss ib l e , however, t ha t i n a C a - r i c h e n v i r o n -
ment, some a d d i t i o n a l Ca may be incorpora ted i n t o the c h l o r i t e 
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s t r u c t u r e 
C h l o r i t e i s present i n most o f t h e c a l c - s i l i c a t e samples 
examined and i s on ly no t ab ly absent i n sample 35/4 . I t i s a 
m i n e r a l t y p i c a l o f t h e a l b i t e - e p i d o t e h o r n f e l s and i s s table , , 
i n t h e presence o f quar tz , t o temperatures on ly s l i g h t l y i n 
excess o f 500°C (Wink le r , I 9 6 8 ) . Ten^eratures o f t h i s magni-
tude are b e l i e v e d t o have been a t t a i n e d i n the aureole (Chapter 
I I I ) but l i t t l e evidence i s seen f o r the breakdown o f c h l o r i t e . 
I n the m a j o r i t y o f cases i t on ly appears t o have s u f f e r e d r e -
c r y s t a l l i z a t i o n , suggest ing t h a t temperatures were not he ld at 
e l eva t ed l e v e l s l o n g enough t o a l l o w t h e breakdown o f t h e 
m i n e r a l . T h i s , i n t u r n , exp la ins the v i r t u a l absence o f Mg 
and Fe^* phases i n the contac t mineralogy, as most o f the Mg 
and Fe^* remains bound i n the c h l o r i t e s t r u c t u r e . 
Conclusions 
C h l o r i t e i s a common c o n s t i t u e n t o f the c a l c - s i l i c a t e 
rocks , v a r y i n g f r o m f i n e - g r a i n e d raiaterial t o r a d i a t i n g c l u s t e r s 
o f c r y s t a l s up t o 3 ™i i n l e n g t h . Four p a r t i a l analyses have 
been made and a f t e r r e c a l c u l a t i o n i n t o atomic p r o p o r t i o n s , 
u s i n g assumptions descr ibed above, the analyses p l o t i n t o the 
d i a b a n i t e and r i p i d o l i t e f i e l d s . The c h l o r i t e has s u f f e r e d r e -
c r y s t a l l i z a t i o n as a r e s u l t o f t h e metamorphism but has not 
broken down, thus account ing f o r the general absence o f Mg and 
P e ^ ^ - r i c h m i n e r a l phases i n the aureole . 
DAFOLITE 
D a t o l i t e i s common as a secondary minera l i n c a v i t i e s and 
ve in s i n basic igneous rocks . I t has been recorded f r o m the 
Dartmoor aureole , i n an impure l imestone , and i n a s i m i l a r 
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s e t t i n g , t o the present occurrence by Phemister and MacGregor 
(1942). They recorded i t i n an impure l imestone o v e r l y i n g a 
t h i c k s i l l o f d o l e r i t e i n F i f e , Sco t l and . I n the present study 
the m i n e r a l was only recorded i n one sample (44/12), an impure 
saccha ro ida l marble, 5.8 m f r o m the con t ac t . The -c rys t a l s are 
r e a d i l y d i s t i n g u i s h a b l e f r o m c a l c i t e because o f t h e i r r e l a t i v e l y 
l o w - o r d e r i n t e r f e r e n c e colours (P la te 3.9). The d a t o l i t e 
occurs i n sma l l , g r anu la r c r y s t a l s (O.O5 t o 0.25 nm), xeno-
b l a s t i c t o s u b - i d i o b l a s t i c i n f o r m . A b i a x i a l i n t e r f e r e n c e 
f i g u r e was obta ined f r o m severa l o f t h e c r y s t a l s , w i t h a 2V 
recorded f r o m two c r y s t a l s o f 79 t o 81° and 80 t o 83°. (Optic 
a x i a l angles were determined by Dr . G. Bor roda i l e , Dept. o f 
Geology, U n i v e r s i t y o f Durham). An e x t i n c t i o n angle o f 5° (2 : c ) 
was recorded on two c r y s t a l s . 
E l e c t r o n microprobe ana lys i s 
S i x p o i n t analyses have been undertaken on two c r y s t a l s 
and t h e r e s u l t s g iven i n Appendix 5.8. The analyses show 
Si02 and CaO dominant w i t h t o t a l s c o n s i s t e n t l y i n the range 
72 t o 73^. The o p t i c a l p r o p e r t i e s and p a r t i a l analyses suggested 
d a t o l i t e and f o r c o n f i r m a t o r y purposes, access was given t o a 
Geoscan instrument at t h e Dept. o f Physics , U n i v e r s i t y o f 
Newcastle-upon-Tyne. Th i s microprobe i s equipped w i t h a lead 
s t ea ra t e c r y s t a l , a l l o w i n g boron t o be detec ted . No standard 
was a v a i l a b l e , so a q u a l i t a t i v e 29 scan was made t o e s t a b l i s h 
the presence of B, a peak was recorded at 84° 55', soine 15' o f 
arc away f r o m the va lue g iven i n the 29 t a b l e s . Comparison o f 
the analyses presented here w i t h those quoted by Deer, Howie . 
and Zussman (I962) shows good agreement w i t h the Si02 and CaO 
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va lues f o r d a t o l i t e . Only minor amounts o f other elements were 
de tec t ed , namely AI2O3 (0.3;^) , Pe203 ( O . ^ ) t o t a l Pe as Fe203, 
and T i 0 2 ( O . ] ^ ) , as i s the case i n the analyses quoted by 
Deer e t a l . (1962) . 
The genesis o f the d a t o l i t e poses a problem, as i t i s . q u i t e 
r i c h i n B and where i t has been found p r e v i o u s l y i n metamorphosed 
l imes tones , B - r i c h v o l a t i l e a c t i o n has been invoked (Phemister 
and MacGregor, 1942). The m i n e r a l has, however, on ly been r e -
corded f r o m one sample, and i t i s d i f f i c u l t t o equate B - r i c h 
v o l a t i l e s i nvad ing t h e sediments, w i t h the r a r i t y o f i t s 
development. 
H A E M A T I T E 
The f e l d s p a r areas descr ibed i n Chapter I I I are red-coloured 
i n hand-specimen (P la te 3 . 5 ) . I n t h i n - s e c t i o n , these areas are 
h i g h l y r ed - s t a ined , e s p e c i a l l y i n p l ane -po l a r i s ed l i g h t (P la t e 
3 . 1 2 ) . Occas ional ly t h e m a t e r i a l becomes coarser -gra ined , as 
shoivn i n P l a t e 5.19.' Here the m a t e r i a l can be recognised as 
haemati te , showing red , t r a n s l u c e n t c r y s t a l edges i n t r a n s m i t t e d 
l i g h t . The haemati te i n sample 19/9 i s concentrated i n t o smal l 
pockets , where s u f f i c i e n t was present t o separate and prepare a 
powder X- ray d i f f r a c t i o n photograph. The p a t t e r n obtained f r o m 
the d i f f r a c t i o n i s shown i n Table 5 .6 . 
The p a t t e r n obtained f r o m t h e haematite sample 19/9 i s 
v i r t u a l l y i d e n t i c a l w i t h t h a t g iven i n the A .S .T .M. index. T h i s 
haemati te i s always associa ted w i t h the f e l d s p a r s , and up t o Q.^fo 
Pe203 has been recorded i n the f e l d s p a r analyses. Whether t h i s 
Pe-5+ occurs as a s u b s t i t u t i o n f o r A l i n the f e l d s p a r s t r u c t u r e 
P l a t e 5.19 Sample 4 4 / 9 . Elongate , la th-shaped f e l d s p a r 
c r y s t a l s w i t h i r r e g u l a r g ra ins o f haemati te 
showing red , t r a n s l u c e n t edges. (xlOO) 
P l a t e 5.20 Sample 4 4 / 5 . S u b - i d i o b l a s t i c c r y s t a l o f sphene 
set i n an a r g i l l a c e o u s m a t r i x , w i t h r a d i a t i n g 
c h l o r i t e . (xlOO) 
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P l a t e 5.19 
P la te 5.20 
. 1 3 1 . 
Table 5.6 X- ray d i f f r a c t i o n o f haematite 
19/9 
Q 
A . S . T . M . Haema' 
A 0 
A 
3.70 M 3.66 25 
2.69 VS 2.69 100 
2 .51 S 2 .51 50 
2.27 WW 2.29 2 
2.20 M 2.20 30 
2.09 WW 2.07 2 
1.83 M 1.84 40 
1.69 s 1.69 60 
1.63 4 
1.60 Wl 1.60 16 
1.48 M 1.48 35 
1.45 M 1.45 35 
or as a haemati te pigment around c r y s t a l g ra ins , i n t h e present 
examples, i s p r o b l e m a t i c a l . The haematite i s formed d u r i n g the 
breakdown o f i l l i t e t o f o r m f e l d s p a r and c a l c - s i l i c a t e minera l s . 
The Pe^* ions cannot r e a d i l y be inco rpora t ed i n t o the p lag ioc lase 
l a t t i c e and only some i s i nco rpora t ed i n t o grossular , l e a v i n g the 
remainder t o f o r m haemat i te . The Pe203 content o f an i l l i t e i s 
g iven as 5.C^, i n one v a r i e t y quoted by Deer, Howie and Zussman 
(1962) . Thus s u b s t a n t i a l amounts o f Pe-^ "*" may be released by the 
breakdown o f t h e i l l i t e m a t e r i a l . 
WOLLASTONITE 
W o l l a s t o n i t e i s a common cons t i t uen t o f contact metamorphosed 
inipure l imestones , where temperatures o f 600°C have been achieved 
(Wink le r , I 9 6 8 ) . I n the present s tudy, w o l l a s t o n i t e has been r e -
corded i n s eve ra l boreholes t o more than 8 m d i s t a n t f r o m the 
c o n t a c t . The most spectacular development i s seen i n borehole 
40, where a w o l l a s t o n i t e - r i c h rock , up t o 50 cm t h i c k , i s recorded. 
No e l e c t r o n microprobe analyses have been made o f the w o l l a s t o n i t e . 
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although i t s i d e n t i f i c a t i o n was confirmed by X-ray d i f f r a c t i o n . 
The w o l l a s t o n i t e has. W i t h o u t doubt, formed by the reaction:-
c a l c i t e + quartz5=^wollastonite + CG2. An associa t i o n of 
w o l l a s t o n i t e , c a l c i t e and quartz i s seen i n Plate 3 .7 , where the 
above r e a c t i o n has not proceeded t o completion. The h a l t i n g of 
t h i s r e a c t i o n suggests t h a t e i t h e r the elevated temperatures f e l l 
below those r e q u i r e d f o r the r e a c t i o n , before completion of the 
r e a c t i o n , or t h a t the mole f r a c t i o n of CO2 rose t o such a value 
as t o prevent the r e a c t i o n o c c u r r i n g at the temperatures pre-
v a l e n t . The work of Harker and T u t t l e (1956) suggests t h a t a 
minimum temperature of some 450°C i s required t o i n i t i a t e t he 
r e a c t i o n , at a low mole f r a c t i o n of CO2, i n the environment under 
study. Winkler ( I 9 6 8 ) i s of the opinion t h a t temperatures i n 
excess of 600°C are re q u i r e d f o r the formation of w o l l a s t o n i t e . 
Thus i t seems probable t h a t temperatures i n the order of 550°C 
were r e q u i r e d f o r t h e formation of the w o l l a s t o n i t e rock i n the 
present case. Examination of the t h e o r e t i c a l temperature curves 
( P i g . 2 . 3 ) i n d i c a t e s t h a t temperatures i n the order of only 450°C 
are reached at 8 m distance from t h e contact. This temperature 
i s , however, a maximum and w i l l only be held f o r a very l i m i t e d 
l e n g t h o f time. Thus, as described e a r l i e r , the t h e o r e t i c a l l y 
d e r i v e d ten^eratures are at variance w i t h those suggested by 
g e o l o g i c a l observation. 
AMPHIBQLE 
Amphiboles are common c o n s t i t u e n t s of contact metamorphosed 
impure limestones and appear i n the lowest grades of meta-
morphism. . Hutchings ( I 8 9 8 ) recorded hornblende,tremolite and 
.133. 
orthoamphibole f r o m the con tac t - rocks o f the Whin S i l l aureole . 
I n the present survey, amphibole has only been recorded i n t h ree 
samples up t o 8 m f r o m the contac t , and no orthoamphibole has 
been recorded . Hutchings (I898) r ecord o f orthoamphibole must be 
viewed w i t h c a u t i o n , as i n a h i g h l y calcareous environment i t 
seems u n l i k e l y t h a t an amphibole r e l a t i v e l y devoid i n Ca would 
f o r m . : The record o f t r e m o l i t e i s also d o u b t f u l , as i t i s u s u a l l y 
formed by t h e r e a c t i o n o f dolomi te + quartz + H2O, and dolomite 
i s not known f r o m t h e Carboniferous l imestones o f Upper Teesdale. 
I n t h e pe t rograph ic examinat ion, the an^ihibole i s seen t o 
be v e r y f i n e - g r a i n e d and i s d i s t i n g u i s h e d f r o m c h l o r i t e by i t s 
h ighe r r e l i e f and cleavage. The o p t i c a l p r o p e r t i e s are too 
imprecise t o a l l o w s p e c i f i c i d e n t i f i c a t i o n , and as no e l e c t r o n 
microprobe analyses have been made i t seems reasonable t o assume 
t h a t the mine ra l i s probably a Ca hornblende. The r e l a t i v e l a c k 
of anrphibole i s most l i k e l y due t o the non-breakdown of c h l o r i t e 
mentioned p r e v i o u s l y . 
ACCESSORY MmEBAI^ 
A number o f minera ls are described here, which occur only 
i n r e l a t i v e l y smal l amounts and which have not been s tud ied i n 
d e t a i l . 
P y r i t e 
I ^ r i t e occurs abundantly i n places, u s u a l l y at l imes tone-
a r g i l l a c e o u s h o r i z o n s . I t i s r e c r y s t a l l i z e d and i n c e r t a i n 
cases forms l a t e r ims around garnet (P la te 5.3). The m a t e r i a l 
i s p robably r e o r y s t a l l i z e d f r o m o r i g i n a l sedimentary p y r i t e , 
.13A-. 
which i s common i n the Carboniferous a r g i l l a c e o u s sediments o f 
Teesdale (Harbord, I962). 
Pyrrhotite 
I ^ r r h o t i t e has been recognised i n one sample (45 / l ) by an 
X-ray d i f f r a c t i o n a n a l y s i s . Th i s m i n e r a l was recorded i n a 
contact sample and i s probably der ived f r o m metamorphism o f t h e 
p y r i t e . 
Sphene 
Small c r y s t a l s o f sphene have been recorded i n severa l san^jles 
but i n sample 44/5 a smal l (0,2 mm), s u b - i d i o b l a s t i c , rhombic 
s e c t i o n was present (P la te 5.20), showing moderate pleochroism 
f r o m c o l o u r l e s s t o red-brown. 
A p a t i t e 
Elongate needles o f a p a t i t e are commonly seen i n the c a l c -
areous sha les . Needle-shaped c r y s t a l s are shown w i t h garnet i n 
P la te 5.3, and smal l needles are o f t e n seen inc luded i n p r e h n i t e . 
R u t i l e 
Minute needles o f p o s s i b l e . r u t i l e occur i n some shales, showing 
h i g h r e l i e f and a f a i n t y e l l o v d s h co lou r . 
0 < \ j > t i n o r o ( M O ^ 
• • a « « a « « 
CT>Oh-h-0000 
ro f H o 
« e * « e o e a 
o > O f * - > o o c 3 i n o 




> i H f\i ^ fO ^ i n 
< •4-V . • o o t o o o e 




v O O c o o O ' H m r o 
LU o o o a o o o o 
CO in pq a > o o . H O o r > - c r 





o o r r i ^ r - o r o c N j h -
s r a ^ > - H { M O f - i r - i r ^ r o 
m « 






IXJ ro ro h- o ro SQ co 
•4- t n > - t o o r o O o > t r o 
V . 
m o ro ro (\j fo o 
o c ^ o o o o i n o 
> 0 ( v j r 0 h . o o o r s j o 
O ^ O r H O O O O O ^ O • • • • • • • • 
i n o r o o o o i n ^ 
> 4 - r * . 0 ^ i n C T > a > i n o 
i n O O r - I O O f ^ O 
• • • • • • • « 
i n O f O o o o i n > * -
CM 
sO >!• CO ^ C\J o 
f»- r-t o <Nj ro i n o 
c ^ O l n , - ^ 0 0 ^ ^ • o 
0 9 * « o o « S 
i n o r o o o O v o < f 
CM 
i n O > O Q o r o t \ j . 4 - 0 
r s i ^ r o , - i O r o . - i O 
0 0 r ^ r - ( O O T - < o 
> O Q r O o O O s O > d -
CM 
r M i n > 3 - , - i r o o ^ f ^ o 
r H ' - l - O C M ' - ' r M h - O 
O O f ^ r - l O O O O 
o o r o o o o v o ^ ^ -
CM 
•4- i n sO ^ ^ in o 
•4- t-t in o ro o 
C T ^ O O O r - l O O O O 
i n o r o o o o > o < -
rvj 
o ro in >t 00 
ro fO f>- sl-
s • o a e 
»-4 r-t O >0 O 
i n in CD 
CJ 00 .H 1^ o 
• a a a a 
00 rH O O 
>i- m o 0^  o 
a a a a a 
ro o o in o 
ON 
in m >t i n o 
O i n o ro o 
o a a • 9 
ro O O <i O 
CM O (M 1^ 
r-* m CM »-* o 
a o a • 0 
fO o o >o o 
ro o <5 in 
vO O O O CM 
o a e a a 
























N O C ^ l n c o c M ^ - o ^ ~ 
r o r - i o o « - 4 Q o o o > r 
^ 0 0 0 o 0 9 o 0 
i n p q O N C > r - i » - 4 0 o h - 0 
CO ro ( \ j ro o 
o o r o c o r - r o r - < s i - < r 
>}• ^ J - C M O N ^ O r - t r o r o 
i n < 5 O ^ O i H r - i o o i ^ O 
ro ro CM ro O 
a e a a 0 a a 
CM CM CO ro ,-1 r-t 
Q O O O O O O - J 
a e o o a o a < 
f - < r - I C M ( M r H r H < - l | — 
H - I H H _ J U J 2 0 < a 
i / i H - < i j . s : 2 : o f -
a > r H r O > t r O v O i H O 
- • r v i h - r o O r H C T N O 
O N Q O O f H O O O O 
a O P o O O e a 
l n o r * ^ 0 0 0 < 5 ^ 
CM 
•<rNOsrrM>}-inCTio 
r o c M O N r o o c M ' - ' O 
c ^ o o o r - ^ o o o o 
o o o o o o o a 







^ 1-1 M _ I 
00 
•-• o •4' CM vO 
O' O CM O ro ro 
<-4 0 a o a a 






o CJN I - l <0 ON 
00 >J- o 
e e 0 a 




00 < u. 2: 
(J3 < 
2: o o 
00 
LU 





5 : 1 - H- < 2: 
h- Q UJ < 3 - I 
UU < Q- 00 00 OC 
2: QC O 00 00 O 
Q ; Q Cii UJ a I 
< 2 > - Q . Q : u 





UJ 0^  
00 
i / j 
< 0 
00 a 
Z ON 0 












Q . + 
o ^ r ^ v f i n o r o o 00 0> ON O C O 
v O O C M C ^ O O O O ^ o m ^ O f v j o o o ro O O O O 
a e t a a a > a " O N O f > ~ > i o o r « - o a a a a a a 
O O r - t r O O O « O r - 4 • • * « a a * o r-l O O 00 O h-
>t r o csJ fO o l A O r o o o O i f i ' i - i H 00 
00 CO >J- o O 
O r - ^ i n i T i r ^ r O O v O C J C M O O r O r - t h - r O O O tH (M J - O 
^ PR 9 a * « o a a a o ^ o - d - v o o o e o o e a a a a 0 
• • • • e * a s >0 »H o <NJ C J C O 




> O s j - i n . - ( O o f ^ ( N J > i ' C > r « - ( \ j r O r - ( v o o f*- <\J 00 o CM 
< ( \ i « ~ t r M f l 0 r - 4 O O O fvj i n ( \ j o O 
^ ; ? ) 
a e * o o a a o a a a a a e 
< a « * s e * e e <NJ O O 00 •4- ro rH ro cr i r > O r o O O o i n ' < ) ' r-l 00 
1 -
< o h - o o O c^ rsi vo f*- 00 ro o i n ,-1 o O 
m > l - O f \ j O O { \ J 0 0 0 0 r-t O <^ O sO lA O NJ- ,-1 r-l ro o cr 
l U o o a o o B o o o o r ^ c r o o Q o o e a a a 0 • C D m H O O O S B B a * ro r-l O i n O 00 






r o i n r o ( \ j o o r - c r f \ j o O ' - ' < ^ r o c r o CT> >t (NJ ro 
z : m l ^ O s l - r - t ' H i - i r - r H t M C v J i n ' ^ ' H ^ i - r o o cr CM o o i n 
» • a » » e 
ro i - i c r i - < v o o o o o i A » - < e o a s a a e B ro o O i n o 
a r o rO O CM r -





L U o ^ o o o O h - t n ' - < o O r O v D i H O ^ h - r o o ro C O <0 ro o t-i 
r o >»• ^ o 
o o o c r o o r ~ o a e a 0 a 0 
ro r-l 0 9 a o o o a a ro o o i n o 
r o P-( ro O ^ o o r o O o O l n ^ ^ • CM 
r-l 
• l A > t f » - c r « - H r - r o O r - i 
X ro O r H C J O v j o r o c r o 
t—1 • X « o p c Q O Q o a 
o ro H 





( M ^ m r - i o o o t ^ l ^ 
ro c O r - i c r i n o r o < M o 
\ 0 O O Q P O O O O 
r o H o o o " ^ c o o O v O r - i 
s j - ro rH ro O 
r-l 
r - i o c j r o o i n f O o 
a ^ o > - « o ^ o o c o o 
^ o a O O o B O 
i n o r o o o O i n > t 
CM 
( N J s O O O O O O O O O O 
^ . - i i n o o r - i O - r o 
a \ o o o ^ o o o ^ o 
O o o B Q o a B 
i n o r o o o O i n > j -
00 
i n vo i n -d-
CM r-l 00 
0 0 O 0 





CC v ^ 
— 0 






m r- o 
H r-l O CM 
c 0 o a 








< i n 
rH 
< / ) 0 
1 3 < 
o 
a « o a o e B 
r g CM f'^ ro rH f-i 
O O O O O O O - J 
B O B B f l o B ^ 
, - l r H C M f M r - l r H r H I — 
> - » > _ _ ) U J 2 o < a 
i / i h - < u - 5 : s : o H 
3 
o 
l-H M _ J LU 
1 3 00 
2 : o < 




-< or _ i 
Q UJ < 3 
< Q. I/) 1/1 
O I/) t o 
Q a : UJ o 
: ^ > Q . Q : 














a > f - < s o i n o > ( M v O o o 
• • 9 o « * 0 * 
( r o ( ^ > i - o o h - o 
r o (CO 
CT<oj-moooo 
i f \ O f n o o o > 0 ' T 
CO (M r n 
'J- eg vo >o o 
• • 0 • • 





^ 0 l f ^ m f - 4 0 0 c ^ o > o o 
o * e e o * s « 
r o og ro 
0 ^ > O L n < M O r O r o O 
O 0 0 f 0 t - < < t > 0 0 
o o t » - r o o o c x > o 
• • • t * * » « 
O O r o O O O i n ^ 
eg 
r g ro CD o 
^ ^- r-t o o 
• • • s • 


































> J " o o c M O o o o ^ i r \ - o 
^ c N J o r o o o t n o ^ 
O ^ O O - J - O O ' O O 
ro ( \ i ro o 
l ^ l ^ l ^ o ^ ^ • ^ ^ f ^ J O v O 
i n o o o > s - O r - ( m T \ 
ro i_t ro O 
r O L n > o r \ j r > - ^ r o r > -
C 7 > o c r - j - o o ^ o 
r o rH r o o 
o g o ^ i r v i r \ r H r > - > j -
r o r - 4 > o r g o r - 4 r - c g 
r o •-• r o o 
o r o ^ M , - ^ o n ^ ^ ^ -
r o ro o 
i n i n o o ^ o i n o o v o 
C O O C T ^ r O O O v O O 
ro ro 
o o • • 
eg CM ro ro 
O a O O 
e » * o 
r-l r-l OJ (\J 
l-< 1-1 _ J UJ 
1/1 I— < U-
9 • 0 
o a 
O 9 
i - l —( 
z : CD 
z : 2 : 
o 
< 
CM (vi i n 
ro i n °o 
o i n ^ 
e o 9 g 
m O r o O 
o o o o 
rH rg O O 
O O O O 
• 9 • • 
C3 o \r> <r 
r g 
o o o > J - o o r g ' - « 0 
9 e e < > * » s * 
t r \ Q r o O o O i n > j -
og 
ro >j- >o o 
fO ro r-t ' - ' o 
• • o o • 
t\J o o o 
.-t CO 
l f \ Lfy C7^  rH O 
r- vl" o r- o 
• 9 o o e 








ro i n 00 0 "J-
r O r - t c ^ ^ o < M e g o 00 -4- —' m 0 0 
o o > i " m o c 3 o o o • 9 9 9 9 • • 9 0 9 9 0 0 9 ro 0 0 i n 0 CO 
>o 0 ro 0 0 C3 i n r-4 CO (T-
(M 
v O r - i o o O v O m o o o ON r g 0 0^ eg 
r > ~ ^ r ^ C 0 O C M 0 0 O a * - J - • - ' ro f~i 
0 0 e 9 a 9 
Q o o O o o o o 0 0 0 
i n o r o o o C 3 L n > } - r-t 00 a» 
eg 
00 
vO - J - 0 r-l 0 i n 
c N j > 4 - > J " c o o c o r o o 0^ ^ -H 00 ro 
c ^ o ^ ^ l n o o c ^ o r-t 0 0 0 0 0 0 
9 0 9 9 0 9 0 « ro i H 0 ro 0 
i n o m o o o i n N j - Q rH 00 m a> 





F H O — i c o c N j r o N t o •- ' i n r*- 0 CT- < fO 
r - i o > i " i n r - ) r o m o ct: r - (M CM p- 0 0 
O O N l - > J - O f - ) 0 0 • ^ 0 9 9 9 9 00 0 
9 o 0 0 o 9 0 0 rH CNJ 0 i n 0 2 : 
m O f o o o O v o > ^ - 00 r-l CO 0 
UJ 
_ l 1— 
< i 
<_) 
_ J UJ 
0 
2 : t - 1 - < s : < 
H-
1- Q UJ < _ J 
UJ < CL 00 ct: UJ 
2 Q : 0 00 01 0 
Q : Q a : u j 0 X CC 
« • - _ j UJ ^ 0 < < 2 > ci. a : 0 UJ 
< > o i - < i u - 5 : 2 : o o 0 < CL 00 0 00 CL 
ro 








> _ J 
< fO 
o 

































> o < N J f O ' 4 ' i n e g o o O 
r o r g < £ ) - 4 - O r o e g r o 
• 9 9 9 9 0 9 9 
ro rH ro O 
i n o e j c o i n r H t T ^ O 
r o r o r > - e g i - H e g r - i e g 
o 9 o ^ 9 e a 9 
ro rH rO o 
i n < t - r H O o f ^ o r > -
o o r ^ r H r O r H e g ' ^ O 
• • • • e o o 9 
O O O O O O o O < 5 0 ^ 
tc\ r-\ ro o 
o ^ o r o l ^ r H s J - r o > j -
r o r g r o i T ^ r H e g v O o o 
• • • e e 9 0 ^ 
c ^ o * o ^ • o c > ^ o o 
fO • -4 ro o 
o o v O r H i n s f ' - i r ^ e g 
r > - t \ j > o t ^ o r o r O r H 
• o « o a o « « 
O O O v O h - O O v O O 
ro ro o 
v O O e g ^ v O O o o o 
r - - « ^ - v O r H r o r o O ^ 
• O 0 0 9 « 9 9 
c > o < o i n o o g D o o 
r o f - i ro 0^ 
i n r o r O r - H i n - 4 " - 4 - i n 
r o o e g C T > c g r o > j - i n 
O ^ O a o - 4 - O O r - O 
ro rH fO O 
o o c o . H o r - r - r o 
O o o i n O i n - 4 - e g < 3 
Q O Q O O O O O 
ro rH ro O 
- O i n r H O h - r O r H O 
> J - ( S J r H ^ O r - r ^ O 
0 0 0 e o o o < ^ 0 
• • • • 9 0 9 9 
> o o r o o o o " ^ > t 
eg 
o o ^ n C ^ e g Q o o O o 
> r f o e g > r e j > i - - o o 
o o o o o o o o ^ o 
9 0 a 9 9 a 9 9 
o r 0 O O O i n « 4 -
eg 
eg CO r*- ro eg 'O 
rH (M ro «o i-« O oo 
o o 0^ o o 
• 0 « 9 9 • • 






L n O ' - ^ c ^ ^ ^ • l ^ ^ ' ^ o 
e g r o i n r H p H i n r H o 
o o c ^ o ^ o o o o 
9 o O 9 O 0 ' 9 
^ o O e g o o o ^ ^ ) ^ 
eg 
s t O ' - * O i n — i r o o 
o o r o e g o O ' ^ ' - i O 
O O O C T O O O O 
9 o 9 9 9 9 « 9 
i n o r o o o o v O v t 
e g 
r o e g o r - i H O ^ o o 
L n r H i n i n e g > £ ) e g o 
r n O O v O O O O O 
o a 9 « o e 9 « 
v O C J r O O O O > £ ) - 4 -
eg 
e g r o t ^ < 4 - e g | v . o ^ O 
o o ^ - ^ o r o r ^ r ^ o 
o o e g i n o o r H O 
0 9 9 0 9 " 0 0 
^ O r o o o o ^ o - ^ " 
eg 
o r - rH eg i n 
^- o o o 
eg o o o 
O O 0 9 9 
i n o r g O O 
h - C7^  O 
O >!• o 
rH O 
0 o o 
o i n -4-
eg 
eg sO rH rH 
CM eg rH NJ-
9 0 9 9 
(NJ rH O vO 
eg r -
i n ro >4- 00 
00 ro o 
9 9 0 • 
rH o o r-
eg 
i n >o eg 
O eg a> 
• 0 9 9 
, t rH o ro 
eg 
^ s j - m i n 
p- (7^  r \ j o 
• O 9 9 
ro o o m 
eg p -
i n rH i n 
(jN eg o 
9 8 0 9 
eg o i n 
eg 1^ 
eg 00 >o 
eg vO 
9 e • c 
rH o o 
rH 00 
00 
sO -^ ^ <£> eg 
o ro i n 
rH 0 9 • 0 
^ S f rH O ro 




>-H < • c;» 
o: r - ^ o 
o 0 o o 































2 : eg 
9 9 0 0 
eg eg f o ro 
o o o o 
o 9 0 0 
rH rH r\) eg 
M l-H _ J UJ 












00 I - < 
UJ 2 O < 











OC _ J 
< 3 
(/) 00 
00 t o 
a i o 
_ Q -











r-l >0 v+ f^J 00 <f sO 
r o i n i n o o - « 0 ( \ j r - i i n 
" • s p q a O O B B B a a 
r o i ^ c r o a * > J " O o > o o 
^ ro ro o 
r o i n o o <^ o 
r ^ ^ o r o O i H i n m o 
o ^ o i n ^ d - o o o o o 
a B a s B B e a 
i n o r o o o o ' ^ > t 
r ^ •4- o 
00 O rH o o 
S • 0 B 9 






































i:^  ft 
ro 
H 






L f ^ 
t n o f M < ^ c M i n o o i n 
0 O a > r H i n r H < f C ^ O ^ 
a e a a a a a a 
C T r H O O ^ O O i n O 
fO rH ro O 
o r^ o rH >d- cr i n 
N O O O ^ O r o f O r o 
B B B B e a o B 
O ^ O C r ^ O O v O O 
r o rH ro o 
i n c o f ^ ^ r o i n r O f * . 
o r O ' ^ o o o s f O - d " 
O Q o B a a o s 
O N r H C 7 > f O o C 3 ^ 0 
ro rH ro o 
r o r o f ^ c o ^ o i ^ i n o 
B B B B B O B B 
c ^ r H C 7 ^ r o o o > o o 
r o ro o 
r o c r h - o i n > t C M O 
o l n ( M ^ - o o c ^ ^ o 
o a O B a O B B 
a ' C 3 o ^ > t o o v o o 
ro r o o 
> j - i ^ r o < d - r H r H f r t r o 
r H f ^ J f ^ i C s l r H > T r H l n 
o o B e © B e o 
O r H O ^ - J - O O s O O 
(T) rH ro C3 
> j - i n r H r o ^ p - i n c r 
r o r o o o o r o o r -
Q O O O O O O O 
ro rH ro 
> t o r o ^ i n r H O O o 
r H r H C M r H r H O r H O 
o c M r M i n o r H c o o 
B B B B B a a a 
o o r o o o o i n j -
CM 
rvj ro n j rH K O o 
o o o o r - rH o 
o o ^ ' ^ i n o o c r o 
B O S B B e B B 
v o o r o o o o i n j -
CM 
O h - O O O ^ l - f N I f M O 
o i n o > d - o c ) > i ' o 
a \ , - i i n j - O r H o o o 
B B B B a B O B 
i n O r o o O O i n > d -
CM 
o o o o r o r - o o r v J o o o 
c r r H > a - s i - o o a ^ o 
B a B B a a B e 
i n o r o o o o i n - d -
CM 
C M O m r O O O r H O 
( T ' O s t i n o o o o 
B B B B o B B o 
i n o r o o o o > o > t 
r H i n ^ f c i - d ' r O s O O 
r O v T r O O O r H O v O O 
c r r H ^ > t o o c o o 
o a B s o O O e 
i n o r o o o o i n > d -
CM 
ro rH iTv 00 i n i n vd" 
i n >d- 00 vO o CO NJ-
O o o c? o 
a 6 0 0 B o e 







sO rH O 
00 fVJ rH O 
B • a a » 
ro rH O >!• O 
rH C O 
fs. CO CM CM 
i n CM O rH o 
s o a o e 
CM rH O vO O 
rH CO 
CM rH >0 0> (M 
0> O O CM 
a a a a a 
O rH O O 
rH CO 
CO ro o o 
>d- 00 rH i n o 
a B B « • 
o o o 00 o 
rH CO 





 rH rVJ 00 
t c s a 
o o o o 
00 
00 
o ^^• 00 >i- >d-
0^ ro i n CM 00 o 
t-H a 0 Q o 9 
CM rH o i n o 













































2 : o 
o 
9 • • 0 
cvj CM ro ro 
Q a o o 
B 9 a o 
rH rH CM CM 
t-i » - i _ J UJ 
OO I - < , LL 
+ 
a a a 
rH r-l rH 
o o o _ l 
9 a o < 
rH rH rH H 
^ O < O 






Z3 00 I -
_ J U J 
< : u -
o < 
i . u o 
u 
U J 
s: I - 1 - < 2 : 
r-l Q : _ j o 
I - Q UJ < Z ) _ J 
UJ < £2. OO 00 
2 Q : o 00 00 o 
Q Q;: L U o 3 : 
< 2 : > - C L QC u 














O ^ O r o r o O r H > 4 " r o 
• • a o a o o o 
O ^ o e g o o o t ^ o 
ro r g ro o 
i n o ^ O r o c > c o o 
o o o ^ r o o e g O O 
O O C ' O O O O O 
• • o ^ o o * 9 
i n o r r i o o o - O r j -
eg 
r H s^ f«- o 
>i- o i n o 
0 o 9 9 O 































r o C O 
H 
• 
X r o 
D
I 










i n g 3 O > t r ^ 0 0 ' - « r H 
o o o r o o m r ^ o o 
9 0 0 0 « 0 0 9 
( 7 > , H t r > 4 - O C 3 > 0 0 
ro rH ro o 
i n r H e g i n o ^ r H C O o 
• H e g c ^ a ^ O f O i n o 
C ^ r H r O , J • O r H O ^ O 
• 0 9 9 0 9 9 0 
i n o r o o o o i n . 4 -
eg 
ro i n i n 
eg r H 00 o 
9 9 0 9 0 





o o o e g s t - o o o e g j - r H O r o r - o c o i n o ro i n i n 0 0 
o j | * - > o o o r o c o o o 0 0 0 0 O O r H g 3 ' 4 - O >t irH r H eg 0 0 
9 o 9 9 o o 9 o O O r H c o O O C O O 0 0 9 9 9 0 
a N O f ^ r » - o o i n o 9 0 9 9 0 0 9 9 0 r H 0 00 0 
ro r H CO 0 i n O r o o o o i n s J - eg r~ 
r H eg 
N O - 4 * O r g > o r H » t r \ j ^ i n e g r H O O i n i ^ O •4- eg ro 0 0 
i n o e g o O r H ( j \ o f > g O > O s O O r M r v J O >J- r H h - 0 0 
0 0 0 0 0 0 9 0 o o > t - , ± o o o o 0 0 0 0 0 9 
c r o c r > * - o O x O O 0 0 ^ 9 0 9 9 0 rH 0 0 P - 0 00 
ro •-• ro 0 v O O r O O O O v O - J - rH 00 0^ 
«-H eg 
i n 0 ^o 1^ eg <o rH cr* vo eg 0 ro 0 i n i n cr 
(~- rH ro 0 r H i n 0 ro eg rH e j 0 i n 
0 0 9 0 o 9 0 o c r o i n i n o o o o 0 0 0 0 0 0 
9 0 9 o 9 9 0 o f o 0 0 g3 0 
r o rH ro 0 i n o r o o P o i n > J - r H 00 CT^  
rH eg 
O i n ( M f O ^ - f ^ > t C D r H < 0 ~ 4 - r H O > d - r * 0 ro rH i n eg 0 C7> 
r H O r H O O r O r O O • " t O O v O O Q O r H O i n >J- r H 00 rH CJ> 
o 0 9 o o 9 o o C T > O v O > l - O O O Q 0 9 0 0 0 0 
c r o o > t o o o c ? 0 0 0 0 9 0 0 9 rH rH 0 >0 0 00 
ro eg ro C3 i n o r 0 O O O i n > 4 - rH 00 cr 
r H eg 
00 
i n o o ' c ^ O o O r o • 4 - v O o r ^ r O r H r H O eg r H ro ^ 0 ^o 
o o e j e g r H r - . > r o o r H r H r > j 0 ^ r H v O ^ O 0^ 0 00 eg cr 0 
O O O Q O O O O O r H r O > * " O r H Q O C > rH 0 0 0 0 0 0 
O r H o o v f O o i n o o e o e o o o e o ro e j 0 ro 0 Q i n 





0 O l 
i n e g r ^ O r H ( v ^ r » - i n r ^ e g - o o r H r - v o o r g r H rvj rH ^ < 0 
o o - i - o o o o o - ^ - r H o i n i n o o o o o CC m rH 0 ro 0 i n 
0 O O O O O o O — 9 0 0 0 0 00 0 
C ^ O O - 4 - O O O O o e o o O o o o rH 0 0 00 0 Z CO 
ro eg ro 0 m o r o o o o i n - j - 00 r H 00 0 (T' 
r H eg UJ »—1 
_ l 
3 < 
< 0 _ i UJ 
=3 _J UJ 
2 : 0 0 
cC s: 1- I - < 5 : < 
0 0 0 9 0 0 0 0 •-' cC -1 0 1-
eg og ro ro r H rH r H u . 1- D UJ < 3 -1 
O O O O O O O - i UJ < C L OO 00 Q : UJ 
O 9 0 9 9 0 0 < I 1- Z a: 0 00 00 0 0 
F H r H e g C N J r H r H r H I — »—1 CC a UJ 0 X oc 
• - i i - i _ i u j 2 : o < o ^ > - < ' - < _ J U j 2 0 < < Z >- CL cc U UJ 0 0 K < U . 5 : 2 ; O h - Z ) 0 0 l - < I U . 2 - 2 : o O 0 < Q. 00 0 1/1 C L 
r H <»• CT^ (J> r H 0 0 (M fw r H r H 0 CM i n 0 >0 00 vfl CT' 
PM O r H C M ^ d - O r H C M f O r ^ (M t>- i n CM 0 0 0 ro 0 i n 0 CM 
" V H B a B B e B O a O O h - r H O O O O a a a a a B 
ro H O O r H r - l O O f ^ O a s B B a B B a 'd- 0 0 i n 0 00 
>4- >i- CM CO 0 v O O r O O O O v O ^ t cr 
r H CM 
r H i n 00 rO CM vO CO 0 0 ro CM ^o r H 0 rH rH 00 >d-
<M r O r H O i n O r H O f M vO CM PJ r~ ro 0 0 >d- ^0 0 CT> 0 i n 
B a a o a a a a O O f ^ r H O O O ' O 6 a a a a s 
r o r - l O O r - l r H O O f ^ O B B B O a a B B <d- 0 0 >d- 0 
sj- >d- (M CO 0 v O O r o o o o i n - J " cr 




> - J r H 0 ^d- r - CM 0 CM i n -0 >o 0 ro i n ^1- 0 0 i n i n (M 
< CM O r H v O > O O t M o O > d ' r H CM CO rH 0 >o f>- 0 <5 0 >r •z. e a a e a B a a O O o O r H O O O O 0 a a a a 9 
< r o H O O r H r H O O v O O a B B a o B a a ^ 0 0 >d- 0 ^^  >d- CM ro 0 i n o r o o o o i n > d - c^ 





CD r H vO 0 (M 00 CM vO ro •c (j> rH 0 i n 0 ro i n i n 0 
o o a > i n O r H r - i n fs. r H CM c^ 0 ro >d- r H 0 0 0 
UJ a 9 B a B 9 9 B C ^ O O O r H O O C O O e 9 0 a 9 9 
CD f o a O O r H r H O O > 0 0 a a a o B B s B >d- 0 0 i n 0 
>d- n j ro 0 i n o r o o o o i n > d -





HH r H -d" r H -O CM 0 1^ 0 ro >o 00 c> r~- 0 rH CM ro ^ 0 
5: CM O O C ^ f ^ J O c M O ^ T r~ ro 0 -d- ro 0 ^ 00 r H <3 0 
Q B O Q B B a B C ^ O O O r H O O C r O 9 a • a B 9 
ro a O O r H r H O O l ^ O o B a a a a a B ro 0 0 i n 0 cr 
0 -d- N T CM ro 0 l ^ ^ o r o O o o l n ^ d • 
cc r H CM 
H 
0 
1 1 1 IXJ 
_J 
UJ r H c M > t i n r H C M > d - m r o r o . d - r o > O r o o i n o 0 vO ^ 0 rH 0 
C M O O ( M O r O C » C > o o r - f o o r ^ r H o ro CM 0 ro 0 
o B e o B e a B 0 ^ O 0 0 r H O O C T > O 9 a a a 8 9 
ro H o o c M r H o o r ^ o 9 9 8 9 9 0 0 9 ro r - l 0 i n 0 
<d- CM fO 0 l n o c o o o o l n ^ ^ - cr 
r - l CM 
H 
• l A 00 
r H - d - i n r ~ < 3 i n r H < ) - d - c ^ ^ o c M o o ^ o ^ - o o o <> ro 0> r H 00 rH 
X (M r H o o o c r o n j ^ r ^ a > o i n o o ^ < ^ o 0 [s. r H ro 0 0> 
1—1 0 9 9 0 0 9 0 9 9 c ^ o o o r H o c > o ^ o 9 0 a 0 9 0 
Q CO H o o r H O o o r ^ o 9 0 0 9 0 0 9 9 — CM 0 0 0 Q CO 
•z •J- ^J- CM ro 0 i n o r o o o o i n > d - Q c^ LU c^ 
UJ r H CM 2 : 
a . a ( J 
0 . t—t 
< 00 0 00 
r - l r - 0 i n vo CO CM CO r_i r H CO n j vO 0 sO >d- 0 < i n 
CM r H p - | ( M v O O ( M O > d - 0 r H r ^ vO CM 0 cc CO 0 0 r H 0 CO 
PQ a o o o o o B O 0 0 0 > 0 0 0 ! > 0 9 0 0 9 0 00 
CO H o o f M o o o r - o 0 0 0 9 0 0 9 9 rH rH 0 0 
-d- >d- n j ro 0 v o o c o o o o i n v f 00 0 a> 
P H CM LU r-1 
_J 1— 
< < 0 0 UJ 
0 B B B 
(M osj ro ro 
0 0 0 0 
9 0 9 9 
r ^ rH CM CM 
f-> r - i _J UJ 
(/) I - < U-
+ 
o a a - J 
a 9 9 < 
r H r H rH t— 
2 : o < o 
2 : 2 : O I -
o 
z - . M _ i a i 2 : o < 
Z > 0 0 l - < L l - 5 : 2 ; O O 
s: 
o 
2 : H- H < 
p-H a : 
1 - Q UJ < 3 - I 
Lu < Q. 00 00 cr: 
2 Q : o 00 00 O 
or Q UJ o X 
< 2 > C L o 








r H • 4 • ^ * • r H ^ J • O r H 0 0 
i n > T r o o o O r o o > t 
O O O O O O O O 
C T ^ O r H r H O O r ^ O 
ro eg ro O 
O O r ~ i n i n r * - e g o 
s i - i n o o o o g 3 > o o 
O ^ O f ^ C V l O O O ^ O 
0 0 0 0 0 0 9 0 
i n o r o o o o i n » * -
eg 
eg sO 0< 
ro O >0 
9 9 9 0 9 


























2 : eg 




























O i n r o f ^ f V v O o O r H 
O r H i n < 3 O » H C 0 - 4 -
0 0 0 0 0 0 0 0 
o o e g o o o v o o 
>4- eg ro o 
i n r H r g » - < r O C T > O r H 
e g e g o i n o r n r o i n 
o 9 o e a o e 9 
o o e g o o o ^ - o 
M ro o 
ro o o rH vo ro 
O e g r o ' n O r H r H > f 
0 0 0 9 9 9 0 9 
o o e g o o o r ^ o 
•4- eg ro o 
• 4 • o ^ ^ c ^ r H O e v J r o 
< > e j o o c r o r \ i o ( M 
• 0 « o 9 o 0 9 
O O r H O O O I ^ O 
r o eg ro o 
o o CO r~- 00 ro i n 
O r H i n i n o e g r H h -
• O O O O O O B 
O O r H r H O O f ^ O 
^J• CM ro O 
ro c^ o o rH r » o 
O i - H i n i n o e g o i n 
9 0 0 9 0 0 ^ 9 
O O r H r H O O h - O 
^ CM ro O 
r~ >o ro o eg CO vO 
h - e g m . d - o - 4 - o e g 
o o o o o o o o 
O O r H r H O O p - O 
ro eg ro O 
r H 
e o t > - c r i n r o < o o o 
r ^ r - i > o r ^ o r o o o 
0 9 9 0 0 9 9 9 
i n o f o o o o i n j -
eg 
i n « i - a > r > - ^ r e g r o O 
r H e j h - i n O ^ p - o 
o o c o o o o o o 
0 0 9 0 9 9 9 0 
" O o r o o O o i n - 4 -
eg 
eg o r>- •t O 
CO eg <f i n ro i n C3 
c ^ o c ^ o o o c ^ o 
o o o o a o o o 
i n o r o o o o i n - 4 -
eg 
r o r o c o e g r H i n e g o 
c ^ e g ^ 0 ^ - 4 O ^ J - l n o 
c r o o o r H c p o t r o 
• • 9 0 9 0 0 0 
i n o r o o o o m > r 
vO rH i n ^ - eg rH o 
0> rH o vO i n o 
c r o o o r H o o o ^ o 
O o O o O o o P 
i n O r O O O O i ^ - 4 -
eg 
fN. rH CT- r - rH o 
eg -4- o 
c ^ o r - r H o o c r o 
e o 0 0 9 o o 9 
L n o r o o o o i n > i -
og 
rH rH 00 ^ i - i n o 
CO eg CO i n r~ o 
o o r - r H o o c r o 
o o o o o e o o 
i n O r o o o O i n > j -
eg 
o o >i- >o o 
0> >0 O >!• O 
O 9 9 • o 
rH O O O 
o eg vo o 
^ t e- o r>- o 
9 9 9 ^ 0 
rH o o o 
i n o IT-
ro >o o o 
0 9 o O 0 
rH O O 1^ O 
rH i n eg fv i 
CO p~ o o 
0 9 o O 9 
eg o o o o 
•4- i n eg 
>r o o i n o 
9 9 0 0 0 
•T r-l O <T O 
00 
g3 rH 0^ 
CT i n 
rH o <J 






i-H eg CT< 
a: o i n 




































0 0 * 9 
eg eg ro ro 
o o o o 
9 • • « 
r H r H rg rg 
• - I I - . _ | UJ 
OO 1— < u . 




2 : 2 : 










2 .-I M _ | U J 2 
r ) 00 I - < u . 2 : 
o < 











h- 1 - < 
' - ' a: 
Q U J < : D —1 
< Q. 00 00 Qi 
C£ o 00 00 o 
Q or UJ o X 
z > a. cc u 
















o o i n ' . ^ o r o o o c M O 
f ^ i n v d - r o O r H f o » 0 
a a B B a a a o 
O ^ O r H r H O O P - O 
cr> rM ro O 
i n c M O h - > d - O N - 0 
> o > o c > - d - o > d - o o 
c ^ o r - r H O o c > o 
B B e e a e a a 
i n o r o o o o i n ^ 
CM 
ro 00 <a ro O 
>o o i n o 
a a a a a 


















r H r H r H r ^ - i n O O O 
^ 0 ' - * c ^ r o o o ^ - c p 
a B B o a a e e 
m r H ro o 
CMrOCT>sO0OsO0OCM 
i n r H r H r O O O ' i - O O 
a B B a a B o B 
ro CM r o c;^  
s O C M r H O ^ O r O o O O 
t ^ r H , } - 0 N O r - l s d - O 
c T o i n - d - o o c T O 
s S B B B B a a 
i n o r o o o o i n > r 
CM 
r M i n j - o o o > d - s i - o 
O r H r - l C r r H r H r - O 
o o v o ^ d - o o r - o 
9 9 a 9 9 B o 9 
o o r o o o o i n - d -
CM 
CO rH O O >r CM rH CM o 
9 B 0 o 0 
CM o o r~ o 
rH OO 
cr ro 00 O 
OO CM rH 
a a a a 









































o r o i n i n vO ^ 
r o c M r H i n o o ' i - ' ^ 
e B e o e a a B 
C r o O - d - O O ^ O O 
ro CM ro O 
> d - i n c M O O < d - r H r H i n 
• T r n r ^ r H O r H O s O 
B B . e a B B c o 
c r o o ( ^ o o i * - o 
ro (M CO O 
^ - ^ ^ ^ d • • J • • o ^ o O r ^ 
N O r H c o i n o o - d " r -
o a a B B a B B 
o o o c r > d - o o i ^ o 
-I r f l o ro 
r o o o o - d - o o o r o ^ o 
r - r o o o i n r H O r H t « ^ 
0 9 0 9 9 0 9 9 
o o c r ^ j - o O v O o 
ro rH ro o 
c M o o c ^ o s ^ r ^ J ^ T c ^ 
o o ^ g c M C M C D r H C ^ ^ o 
o o o B o e o o 
c r o o r o o o o o 
ro CM ro o 
0 0 B 9 O 
CM CM ro ro rH 
a o o o 
a 9 o e 
rH eg rg rH 
rn _J liJ Z 









rH r H 
< 
r - •O 00 O rH CM o 
ro CM 00 CM rH O O 
c ^ O l n l n o o c ^ o 
B B o B B a o O 
i n o r o O o o i n N d -
CM 
O f > - c M r H i n i n c r o 
> d - r - i c o > o o r M r - o 
C r o v 0 r o o c 3 c r o 
B B e B B o B B 
l n o r o o o O l n ^ t 
CM 
i n v o r o c r o o > d - o o o 
r ^ r - i m r H O r H O O O 
o o o i n i n o o o o 
B o o 9 9 o 9 9 
m o r o o o Q ' O - ^ f 
(M 
r o ^ i n i n r o o o o o 
c ^ r o r o r - l ^ r ^ ^ ^ • o 
c r O L n i n o o o o o 
9 0 9 9 9 0 9 9 
i n o r o o o o i n v l -
CM 
00 CM r g ro 
cr n O vO 
cr O >0 ro 
9 9 9 0 
i n O ro o 
i n r - CM o 
O CM vO o 
o o cr o 
a a 9 a 









2 r-l >-< _J 
13 00 I - < 
LU ^ CD < 
s: c j o 
00 ro 
rH rH O O 
9 9 8 9 9 
ro o o <5 o 
rH 00 
cr rH cr CM cr 
o ^ r g 
a a 0 a a 











i n ro CO CM 
cj^ rg rH ^d- CM 
9 a 0 a a a 
CM O O O O 
rH CO cr 
CO 
vO rH CM rH O vO 
cr rH ro CM ro o r H 
rH 0 8 a 0 6 0 
w ro O O vO O Q 00 





r-« i n i n cr rH o < 0 
rH -d" O ro O CM 
0 8 B 0 O 00 0 
cr o o o o 2 cr 






_ l LU 
o C3 
2 : ( - h - < 2 : <i 
t-H cc -i 0 \-1 - Q LU < 3 _J 
U J < C L 00 1/1 Q : LU 
Z 0 : 0 00 00 0 
Ci^ Q 0^ LU 0 X CC 
< z >- C L ct: 0 LU 
0 < C L OO tJ3 1/1 a. 
eg 
eg 
C T r H r H e j r ^ - r o e g i n 
r o o i * - O f O , H e g c o 
• • 9 0 * * 9 a 
c o o > 4 - e g o O ' 4 - c 7 ^ 
ro rH rH ro 
r H r H O - 4 - C ^ O r H O 
O O r H r H ^ f T t f O O 
o o r - > * " O o ^ - o 
0 9 9 9 9 9 0 9 
> o o e g r H o o ^ n ^ l • 
eg 
O eg >l- >t 
i n i n 00 i H 
9 0 0 9 




































> 4 - i n r H r O ' 4 " r ^ i n o 
r o r o o > o O r o o r > -
o o o e e e o o 
r o rH ro (J^  
• • O r g r o - t i n e g o o o 
r o e j > O ^ O r o e g r o 
a o o o 9 o o 9 
C T o g a p ^ o o o o 
ro , H ro o 
i n o e g o o i n t - t C T ^ o 
r o r o r ^ e g r H e g r H C M 
0 0 0 9 9 0 0 0 
a ^ o ^ r > - o o g 3 0 
ro rH ro o 
L n > t r H o o o r ^ o i n 
CO CM'^rMrHej>-l<J> 
O o o 0 9 o 9 9 
C O O ^ C O O O > O O v 
ro rH ro 
r O r H i n c o t n i n > l " 0 
i n s j - o o o o c o ' 4 - o 
o o o f ^ o o c r o 
0 0 0 0 9 0 0 * 
^ O r o o o o i n > j -
eg 
v O i n i - H O ^ - r O r H O 
> i " e g r H ' * J o i ^ ' * ~ o 
o o o o o o o c ^ o 
• 0 0 * 9 0 0 0 
v O o r o o o o i n > } -
eg 
c o i n o ^ e g o o o o o 
> l - r o e g > i - f \ j « i - v O o 
O O O o o o O O o 
9 9 0 9 O Q « 9 
v O O r o o o O i n s i -
eg 
r o o o C 7 ^ > i - r o r v j r ^ o 
r H e g r o > O r H > o o o o 
o o c r ( T « o o ( > o 
• 9 9 9 0 0 0 0 
v o o c M o o o i n N j -
eg 
ro rw eg 
<?> J^• o m 
* 0 o o 
rH C:> 00 
rH r~ 
eg vo rH - H 
eg eg r H >r 
0 0 0 * 
eg , H o vO 
eg r -
i n ro CO 
00 ro o 
0 0 o o 
rH O O 
eg 
rH O eg rH 
r - CJ eg o 
0 o • 9 
















UJ eg 0 ^ g D r O v O r H " 4 ' r o r v j 
eg r H e j r o o ^ r H C M O r ^ 
^ F Q o o o a o o o o 
r O f - i a ^ o < ^ > ^ ^ o o > ^ ) o 
>t ro rH ro o 
r - o m o s t - i n v D O 
r n r o i n e g r H i n r M O 
o o o c > o o o o 
9 0 9 9 0 9 9 0 
^ o o c M o o o ^ o ^ ^ -
e j 
ro i n i n 
cr eg o 
9 9 0 9 














O O v O r H i r , ^ r H r ^ C J 
h - e g o h - o r o r O r H 
0 0 ^ 9 0 9 0 0 
C O O v O t ^ O O v O O 
ro rH ro O 
i n ^ o r - o r ^ r o e g g s 
> t > - H r - x o o o ^ o i ^ 
O O O O O O O o 
ro rH ro O 
• 4 - O r H O i n r H r O O 
c o r o e g o o r ^ r H O 
c r o o c r o o o o 
a o o o o o o o 
m O r o o o O v O - 4 " 
eg 
s O o a s f Q c r r - - > } - o 
v O r H c g r o o o r o c p 
CT^oininooo^o 
o o o o o o o o 
i n O r o O O O i n ^ 
eg 
CO 
gD i n rH i n 
(jv CT^ eg o P-
rH o 0 0 B 







H-c r - r H i n 
Q : C O rH rH ro 














O 0 9 0 9 • 9 
eg CM ro rO rH rH rH 
o o o o o o o _ j 
0 » » 0 9 0 0 < 
r H r H C M e g r H v - H r H t — 
< - | l - l _ J u J Z C D < I O 









- J UJ z 0 < 






• a : 
< 
y- < 





C L cc 









1^ J - vO <o f*- 00 00 m cr ro 00 rH >d- 0 <^ ro p - 0 
cr 
0 
0 0 00 0 CM C7^  NO 0 < j i n 0 »o (M 0 0 CD rH ro 
a B O B a a a 9 c r o i n L o o o o o o a a a • 0 
•4- rH cr 0 0 >t 0 0 i n 0 B o B B a e a a ^ rH 0 .d- 00 
>d- ro CM ro 0 i n o r o o o o i n j - rH 00 c r 
rH CM 
< r<~ CM rH 0 ro rH csj 0 cr rH Lo c> 0 1^ 0 cr - I - >!• 
cr 
pq 
i n 0 00 rH 0 CM CM rH ,o CM r>- ^ 0 •J' 0 g j rH rH 0 00 
a B o a a a a a c ^ o ^ n l n O O o o O a a a K a 
rH c r 0 cr m 0 0 g j rH 9 a B 0 9 9 B a >i- rH 0 >d- CO 







< 0^ i n 00 >d- r*- ro 0 CM r^ i n 0 ^ - CO CJV rH cr 
< c r 0 0 ^ 0 CM vO -d^ rH 00 rH 0 g j i n 0 0 0 0 CJ^  ro 2 : a B a a B a a 0 o o i n i n o o c ^ o a a a a a 
< St H 00 0 0 "3" 0 0 ^ 0 a a B o e a a a CM rH 0 i n CO »d- r o CM ro 0 i n o r o o o o i n - d " rH 00 cr 




< 0 rvj ro CM >d- CT> •O CM rH t n c M s o c M c g o o o o CM ro 0 i n 
<M cr 0 ro 0 CM 0 r H O f - r g r H g j N t o cr 0 CM 00 ro 
UJ • v |X| 9 B O B 9 0 s a o o o r H O o r - o a B a a a 
CD ro eg 00 0 0 cr 0 0 >d- 0 s a B e B B o o 00 rH 0 r -






rH CM cr CM vO CM CO 0 ro 0 
g j c M o o o O r o c o o c r rH CO CM CO 
z : CM rH 0 00 vO CO rH c r c M O r H c r m c M O O c r >d" 00 rH 
\ W 9 B O B 0 9 0 9 c r o h - m o o - o o 9 B a a 0 
ro eg CO 0 ^ CO 0 0 ro 0 a 9 9 e 9 s a B rH 0 0 ^ i n 
0 rO rH rH ro 0 L n o c M r - i o o m - < r ^ i n cr 





L Cvi i n r o -d" 00 cr sd- t n 00 o r o i n Q r H c r f M O ro gD ro i n 
CM <M 0 rH rH ro 0 0 c r C M O ^ 0 C M l n o C > O ro rH 00 vO 00 
\ « » 0 B B 0 9 0 0 c r o r ~ - ' * " O o o o o 9 0 a 9 a ro eg 00 0 Le\ CM 0 0 ^ B B a e O B o e g j 0 0 CM r>-




CM 00 cr g j rH cr HH ro r O r H r H g s r g g j r H o g> ro vi- cr >d-
X CM CM 0 r g 00 ro rH r g rH O r H C M r ^ l t ^ C M L n o cr 00 -<d- co 00 
l-H 0 0 0 a 0 0 9 0 9 C J Q O O C M O O f ^ O rH 0 0 9 0 
Q ro eg 00 0 i n 0 0 0 sd- cr B O o o O o o B w CM 0 0 i n 
2 : >d- ro rH r - l ro cr v O o c M r H o o i n ^ Q ro 0 





r g 0 ^ r~ >d" cr cr m 0 CO 0 i n rH ro 0 rn i n g3 CM 
CM cr 0 cr rH ro 0 0 i n i n g3 CM ^d- CM 0 0 CM ro 
pq 0 0 9 0 0 0 0 9 c r o f ^ c o o o c r o • ^ 9 0 0 9 
ro eg 0 st- rH 0 0 i n cr O 0 O 9 0 o 9 9 ro 0 0 i n 


















Z c r 
o c r 
o a 9 B 
CM CM ro ro 
0 0 0 0 
a 9 9 o 
rH rH CM rg 
rH HH _J LU 













^ t - H r H _ | U J Z t i ) < 





s : h -
^—I 
H C3 UJ 
LU < Q. 
Z O 
cC d a: 
< z > 
O < CL 

















< O ro rH >t c^ o ^ O 00 o rvi >4- o 
0 9 • • a o • 
o «o o o i n rH 
ro rH ro o 
r H m i n i n c»- o 
o CT< p- o i n o 
c^ ro o o 1^ o 
• • • • 0 0 0 
m ro o o o i n 
eg 
r>- CM o f \ j 
a* rH o CO 
a 0 0 o 












< o o o i n s o r o r o i n 
o< o f ^ o o r o o o o 
o o o ^ e a o 
> T ' ^ a ^ c o f - - o o i n o 
>4- ro "-t ro o 
<t r H - 4 - ^ < O r H > l - 0 
CT> 0 0 > 0 o r o o o o ^ 
V . p q 0 0 9 9 0 0 9 
^ t * ^ c ^ c ^ ^ o o o ' ^ o 
^ r o r H ro o 




i n ro 
sO OO i n ro o 
o o o o 
00 O O CO o 
O 0 • 0 o 
o o o i n >r 
eg 
eg o 00 o 
eg o i n o 
>!- o o 
« 0 0 0 o 





i n sr 
eg 
i n r«- ro i n 
i n eg , H o 
O O 0 0 
O rH O 00 
eg 
>o o ro eg 
eg r H r H <4-
0 9 0 0 

























r H ro ro >1- CM 00 r H 
O ro o s j - 'M 00 
o 0 9 o o 9 a 
CT> i n O O ^ O 
ro r H ro o 
CM m eg ga ro N 
vO ro o o ro >!• 
0 0 * 0 0 * 0 
CO o ro o o vo 
ro eg ro o 
oD r*- ^ i n i n 00 o 
rH m i n o (J" o 
c^ <*- o o o 00 o 
9 o 0 a • 0 • 
i n ro o o o i n >!-
eg 
r g (7^  O 00 o m o 
0^ i n m o 00 o 
00 ^ "4" o O CT^  O 
9 • 0 o o 0 • 
i n ro o o o m >!-
eg 
CO o 0^ ro 
i n vo O f*-
o 0 o 0 
^0 r H O r H 
r H 00 
vO r H ro r H 
i n r H CT' 
0 0 0 * 
i H r H O vO 





















CT CO 00 r H r H g3 00 >t g3 sj- i n i n 0 i n 0 ^ esj 00 
i n o eg r H e j ro vO e- e- 00 r H vO 0 eg r H eg < f CM 
• 0 9 9 9 9 9 o m O O CO o 0 0 0 9 0 
CT O >t O C3 >0 O 0 0 9 0 a 0 0 r g r H 0 gJ C7> 
r o CM ro o i n ro o o o i n >t r H CO CT-
r H eg 
00 
ro o o >t 1^ N- O i n sj- i n r H 0 0 vO 0 CM C> ON 
CO vO vO o eg i n r H eg o o 0 0 c^ (M 0 C3 g3 r H 
0 9 0 0 0 9 0 i n o o cr 0 r H 0 0 0 0 0 
CJ^  >4- O O vO O 9 9 0 9 9 0 0 ro r H 0 i n Q cr 
ro r H ro O i n CO o o o i n s i - Q r H 00 U J c^ 





r~- o ^ o •€ •4- ^ O r H eg 0 •- ' r H eg 0 < cr 
ro ro ^0 o (M ro ro o eg r H 0 0 ro 0 r H i n CO 
0 0 o 9 a 0 o CT- O i n o o 00 0 ~ - 0 0 • 0 00 0 
O -4" O O vO O a 0 0 0 0 0 0 ro r H 0 i n 00 
r o CM ro O i n ro o o o i n -4- 00 r - i OD CD 
r H eg U J •—1 
_ l 1 -
3 < 
< 0 0 
U J 
3 _ J U J 
2 . 0 
CC 2 : h - I - < < 
9 0 9 9 * 9 o M —1 K 
eg ro ro r H r H r H L L (_ Q L U < 3 Z 
O O O O O O _ J U J < Q . 00 00 U J 
9 0 e 9 9 0 <I 1 - z cC 0 00 00 
r H CM eg r H r H r H 1— Q : Q o;: U J a Q : 
f - < _ l U J Z CD < O z l - H _ J U J 2 : CD < < : z > C L Q : U J 




r H ro rO O >o ro ^0 
r O r H N - g J O r H r H O 
a a a a B B a B 
c > o c r c M o o r ^ cr 
ro r H r o cr 
CM in ro o i n o 
CM rw g j o ro o 
o o i n r o o o o o 
a B B a a s a a 
s O o r o o o o ^ > t 
fM 
>o o 
g j ro 
r- <o o 
a a 9 a a 


































o r H c ^ ^ - ^ c ^ l n c M 
r w » O i n r H O r H r H > r 
o a a a a a o B 
o o o e o i n o o ^ c j ^ 
r o rH ro cr 
r H - 4 - r o i n < i - o o r ~ 
C M C r c r r - o r o - ^ r M 
o B a a a e B B 
c o r H g j i n o O s o c r 
ro rH ro cr 
r M g 3 0 r * - i n f ^ s i - r H 
O r H r o c r O f M r - i n 
B B a B o a B B 
c o c M i n r - o o i n ( j > 
ro rH ro cr 
r H vO rH CM CM cr 
C M r O C M r O r H O C M ^ d -
O O o ^ B O B B 
o o o o c r o o i n c r 
ro rH ro 
C M r H O C O r H v f l ^ O 
i n ( ^ i ^ c ^ o > * - i n o 
c r o f o m o o c r o 
B B B B B a a a 
i n o r o o o o i n < d -
CM 
cr g) r H o 
rH r g cr r>-
cr ( \ j o g3 
a a 9 B 
m o CO o 
i n CM o 
o "O cr o 
o o cr o 
a 6 B a 
o o i n >d-
(M 
( M r o c r v d r r ^ c o i n o 
c M i n O r o o o s O o 
c ^ c M o o c r o o c J ^ o 
B a o B a e B B 
i n O C M o O O i n > i -
CM 
ro CM cr g3 o o 
in -d- cr rH 00 o 
c r o c r c o o c o o 
9 a 9 9 « o 0 a 
i r i O C M r H O O L n > d -
rM 
fs- ro r g p - rH 
O O rH O 
a a a o a 
i n o o C P 
rH 00 
CM ro c^ g5 
CO rg o CO O 
9 9 a a a 
r - r^ o o o 
rH 00 
gj CM CM rH o 
OS rH rH 00 O 
e a a o a 
>d- r H O ro O 
CM r -
i n r - 00 o 
cr o CM ^ - o 
B a o 9 B 





















LU < -^l" O h - r O r H r - C M 
cr O O s O > d - r H C ^ r o c r 
^ C J 3 e a B a a 9 9 e 
^ t " ^ c r o o o i ^ O r H s i - o 
>*• ro rH ro o 
cr s j ' CM r-- so ^d• o 
rH CM in r H cr 00 o 
c r o r o o o O i M i n o 
B o 9 9 B B a o 
i n o r o o o o i n > d -
rg 
CO OJ OO rH 
g3 o rg o o 
0 a a s a 























O n j o 
9 C 9 
O CO P-
sj- r H i n 
r H CM ^ 
o 0 0 o 
o o i n o 
ro o 
\0 vo cr cr sr >d" 00 
O O C M C r O C M > l - 0 
9 o O o o 9 a a 
c r o c r g j o o i n r H 
ro rH ro o 
g3 i n in CO rH in o 
CM gj o rH gj vO o 
O O C M O O O O r - O 
O B 9 O B 9 0 O 
g 3 0 f 0 0 0 o i n > d -
CM 
O 00 CM sj- rH C3 
rH ro cr rH i n i n o 
c r O v t - ^ - o o r - o 
0 9 9 0 9 9 9 0 
i n o r o O O O i n ^ 
r g 
00 
gD gj i n rH 00 
OS vO O c ^ Qs O 
FH 0 o 9 0 0 






rn ^ fO O r o 
ex i n c r CM ro o 
0 O 6 0 O 














o c r 
e 0 0 a 
CM CM ro 
o o o o 
0 a 9 9 
rH rH CM CM 
»-< l-H _ J LU 
OO H <3: LL 
+ 
9 0 
O O _ J 
9 9 < 
CD < 




Z3 00 I -
- I UJ 
< LL 
O < 















CL cc i j ) 


















<M 00 ro o r g o rH 
• 4 • e g ^ - c M O f O ( T > c ^ 
o o a o o o o o 
c o r H i n c ^ o o i n o 
r o i-H m o 
rvi 00 ro i n ro cj> 
rH ^ i n ^ r - r g 
ON rH CO o o o 
O 0 • 0 0 • • 






ON i n vo 
rH CM o i n 
a • • • 










vo o i n c> p*. i-H 
O i n r o o o o e g r o 
o a * o « e o o 
o o o i n r H O O i n o 
ro rH rH ro O 
r o r H p ^ c o i n s j - i ^ i n 
r H ' 4 • r o ^ l • O r O o O N O 
0 0 * 9 0 9 0 0 
o o p H o g D O o i n o o 
ro rH r o CJN 
CO 00 ro eg eg f». o 
rH i n PH ON rH p^ o 
C J N O o o e g o O c o O 
0 0 * 0 0 * 0 0 
i n o r g r H O O i n ^ 
eg 
rwNO>j- rge -ONinO 
i n v O r H N O o r ^ o o 
( j N r H O f ^ O O O O 
0 * 9 0 0 0 0 0 




o eg 00 
0 0 0 o 
eg o O O 
ro vO 
o eg rH 
rH ^j- rH ro 
o • * o 























rH r H O O O J - * - r H ^ C M 
^ ONvOoooegroeg 
V . 3 0 0 0 0 9 0 » 0 
^ ^ i " ! o o o o o i n O O N O C J N 
>4- ro rH ro 
rH . N O o ^ l • N 4 - l n g D ^ n o 
rH r H f O r O O N O r - I S T ' N T 
\ H 0 9 0 0 * 9 0 0 
C 7 > O C O ^ O O N O C ^ 
, t ro rH ro cjN 
c^ ON i n i n oo o 
ON CO >j- o o 
C T ' O e g i n o o O c s 
o e o g e o o o 
i n O r O O O O N O N 4 -
CM 
o i n r o e g r ^ r > - ' 4 - o 
e g r o r g p - o r o o o 
o o r o i n o o c ^ o 
o o o o a o o * 
N O o r o o o o g D > r 
i n ro eg 
rH 00 o o 
9 9 o 0 
m o O >J-
rH 00 
ro rH ON 
NO ^0 rH i n 
9 9 0 0 














^- ON ro rH 4- o N4-
i n e g o o c o o r H C O N r 
0 9 0 9 0 0 0 0 
c ^ o c ^ ( M o O N O o ^ 
ro rH ro ON 
e j ro ro eg eg rH o 
ro ro NO eg ro rH o 
o o i n r o o o o o 
o o e o o o o * 
N O O f O O o O g D N j " 
eg 
O i n NO 
ro i n o rH 
0 0 • o 














cjN ON c> vO i n ro rH p- CM 00 i n p- i n 0 NO i n i n 0 p~ 
i n r H f ^ O O C M v O i n 0 eg rH ro i n i n 0 0^  ON ON 0 rH CO 
0 0 o o 9 0 9 ' 3 o o e - c M o o c j N o rH 9 0 0 9 0 
c j ^ O O e g o O N O c j N o o o ^ a o o o w i n 0 0 ro Q CO 
ro eg ro v O O r O O o O i n . 4 - Q ON UJ CT 





r O r H N O N O ^ j - c o e g o r H t n r o N O i n c ^ i n o eg 00 cr 0 < eg 
i n r H r H O O > i - e g g D r H r H r H r O o O v O O CC rH 00 0 ON ON 
0 0 O 9 O 9 O 0 O O v O e g o r H O O — 0 0 0 e 00 0 
O N O O e g o o r - O N o o o o o o o o vO r^ 0 rH z i n 






3 _ J LU 
2: 0 
CC 2: 1- 1- < < 
0 0 O 9 0 9 • 0 t-H CC - J 
eg CM ro ro rH rH rH u . h - Q UJ < D z 
o o a o o o o - j UJ <t CL 00 00 LU 
9 0 0 9 9 0 9 < I CC a CO CO 
p H r H e g c g r H r H r H l — *—* DC Q CC UJ 0 CC 




O >*• "d" CJs r H O 00 
O CM r- r H r H sd- g j 
9 a a 9 a a 9 
o o CO i n o ^ o 
>*• r H ro o 
g j r-4 i n i n o 
i n CM «<• OS CM o o 
o o CO i n o cr o 
a a a a • a a 
o o CO o o i n s f 
r g 
CM og i n o 
o sd- i n o 
a a a a 
i n o sd- o 










cr m >d- 00 o 
vd- r H O vO CM O 9 a B a 0 a a 
OS O O ro C3 t*- O 
ro CM CO o 
i n i n >i- CO CM g3 o 
(Js O iH cr CO |s» (sg 
8 9 9 0 9 9 8 
cr o o CM o g) o 
CO CM ro o 
r - ^ - CO rH o^ o 
g j r H so r H vO cr o 
CJs O i n >d- O cr o 
9 a a a a a B 
i n o ro o o i n sT 
CM 
r - g j f*- cr CM CM o 
fO o 00 ro r ~ l A O 
o o m ro o cr o 
B 0 B a o 0 a 
g) o ro o o i n , t 
CM 
i n pg cr >d' 
r g o >!• CM 
B 9 a 9 
O rH OD O 
r H CU 
ro r g ^ 
sO rg rH o 
9 8 a a 
































•o ro c^ r g o CO ro 
c3 cr o o CM ga cr 
a 9 9 a 9 a • 
cr o CO gD o gj o 
CO rH CO O 
cr i n ^ cr cr OS i n 
i n CM o -4" CM cr g3 
0 9 9 0 9 9 0 
cr o O ro O g) O 
ro CM ro C? 
OS g3 CM c> i n 00 o 
ro o >d- (JO -d- gj o 
cr r H rg vo o cr o 
8 0 9 9 9 9 9 
i n O CO o O i n 
CM 
g j 00 g j >o ir\ ro o 
CM g j cjs g i 00 o 
OS o m ro C3 OS o 
a 9 9 a 9 9 B 




r - r H o 
ts- r«- o 
a a a 9 
r - O rH O 
rH OO 
O r H 
o o o 
CJ^  o 
8 0 8 8 

























1^ i n ro -d- r H 
r g i n o ro CO 1^ 
0 a o a 9 0 o 
cr o O* >d- o gD CP 
r o rH ro o 
ro 00 ^d- cr ro i n eg 
O CO O O r H o CM 
0 9 0 0 9 0 9 
O O OO g3 O sD r H 
"d- rH ro O 
ro r H o CM CM cr 
r H cr m in ,-H g> CO 
a o o a 9 o a 
cr o ^- r - o i n o 
<-o rH ro o 
9 o 9 9 Q Q 
CM CM ro ro r H r H 
O O O O O O _J 
9 0 0 a 0 o < 
r H r H CM rg r H r H ( -
>-< HH _ j LU CD <r o 
00 z : u H-
«d- CO i n o >d- o r - 00 i n o i n 
o CM h - l A p - g) o g j r H r H o ro 
o o vd- v(- o cr o a 0 9 0 a 
0 0 9 0 9 9 0 rH r H O CO 




ro o o r g cr r j o g j ro O ro 
>d- o r H cr r g o cr r- i n o rH 
o rH r g g j o CO o r-4 0 0 0 0 9 
0 9 9 0 9 9 0 O r H O Q OO 
gD o ro o o i n s f O rH CO LU cr 





ro -d- eg CO O l-H OS ^ o < r g sO o si- g3 eg CM o cc o -d- -d- o O 
O^  iH r H CO O 00 O — o a 0 a t o a 
0 0 a o a 0 9 eg o o 00 
m o ro o o i n sr 00 eg t>^ o cr 
r g LU -^H 
_J 1-
3 < l 
< O CJ _J LU 
- J l U 
^ o CD 
CC z : H <; 5 : < O HI - J O H-
LL h - Q UJ 3 _ l Z 
ixi < a 00 Q : U J 
K z Q : o OO Q a 
l-H cr: Q a: o X cc 
z >-H l-H _ | UJ CD < < z > cac o LU 
3 CO 1— < LL z : o o CD < Q. CD 00 u . 
o 
UJ 
ro e g v O O N i n i n r H O c o 
o o > i - r - o o c M i n 
• • • • • O o * 
p - o p - o o o > t o o 
ro rH rO C> 
O r ^ o o P - p ^ e g O N O 
f ^ O > l - r o o o o o 0 0 , i - > 4 - 0 0 0 0 
o o o o ^ o e o 
N O O r H e g o o g D N j -
eg 
N1" sj- eg O 
O r H rH 
• 0 o e 
















C D , d - > t e g c 7 > e g o c ^ 
i n o f O s r O r H o o r f ^ 
o o o o o o o o 
r > - O r H i n o o ^ o > 
ro .H rH ro ON 
00 i n CJN o p - >4- f<^ 
o o o i n O N o o O i n 
« 9 0 0 9 9 9 « 
N O o ' ^ ' ? ' o o i n o > 
ro rH ro o* 
N 4 " i n N O > t r \ j O N p ~ o 
o o r o m r H r g i n o 
O O r H O o o o c r o 
• * 9 * * 0 0 0 
N O o r g r H O O i n N j -
eg 
00 g3 P- o o >0 o 
O O i n ^ FH rH O 
O O S f - T O O r H O 
• 9 0 0 * 0 0 0 
N O O » H e g o o N O > i -
eg 
(D o i n 
>r «j- eg CO 
0 0 0 0 >0 o O rvi N4- i n 
O ro 
NO O rH eg 
* 0 o * 


























V . O 
g3 
St-
i n i n CM ro ON P- rH 
c j ^ o i n r H o o t r ^ -
0 0 0 0 0 0 0 9 
o o o > t o o o i n c r 
ro i H rH ro ON 
NO ON N4" ^ - o ro ON 
i n o r ^ O r H O r f i c o 
9 9 0 * 9 0 0 * 
o o o N 4 - o o o i n c o 
CO rH rH ro ON 
eg gD eg o eg oo o 
CO O ON rH rH O 
O O N O r H o O O O 
9 0 0 0 0 0 9 9 
> o o e g r H o O N O > d -
eg 
vj- rH eg r g ro ro o 
NO rH ro ON rH i n o 
O O l ^ r H O O C T N O 
9 0 9 9 * 0 9 0 
g D o r M r H O O i n > * -
eg 
eg rH 00 
oo O eg cjN 
o a 0 • 
O O o CO 
ro >o 
P- ro o 
ro O eg >}• 
* • o • 











UJ ro o O N o r o p-sO -^rH 
rH c ^ o ^ - l n o o f ^ p H 
\ P Q O 0 0 9 O O 9 9 
O r-i C O O ^ O ^ O O i n O N -4- r o rH ro CP 
NO O CO CO >4- o 
o o eg eg o (TO 
r H O f ^ r H O O O N Q 
0 9 9 0 0 0 0 9 
g D O e g r H O O i n v j -
eg 
CM >t >l-
ro O rH i n 
0 9 9 0 





















p- . H >)• eg ro rH co 
s j - e g c T o o r H O e g r ^ 
a o 0 0 0 9 9 Q 
e o o i n o o O O v O O N 
ro rH ro CP 
NO i n ro i n ro i n p -
o r o r o N O O r H r o o o 
Q o o o o a o s 
O N r H N o r ^ o o v o o 
ro rH ro O 
9 a 0 o a 
eg n j ro ro 
o o o o 
0 o o a 
rH rH rvi eg 
I-) 1-1 _ | LU 
C O 1 - < u . 
i H r H r H 
a o o _j 
O 0 0 < 
r H ^ r H t— 
2 : CD < o 
2 : 2 ; C J I -
4^• i n CM e j r^ i n o 
00 eg eg ro r H ro o 
c r o o N O O O o o 
a e o o o e o o 
i n o e g r H O O v O s P 
eg 
0^ i n vO rH o eg o 
i n <r CO ro vO o 
c ^ r ^ c ^ o o o o c ^ o 
0 0 0 0 9 9 0 0 










Z <->>-> -i 
3 00 H- < U . 
O < 
2 : u o 
NO 0 CP r H CO 
C^  r H 0 eg NO 
i H 0 9 9 9 0 
•— NO 0 0 ro Q 00 






t - i r g r g < p-ci: 0 i n 0 sl- ON 
• ~ ' 0 0 0 • CO 9 ro 0 0 2 ; i n 
00 eg p - 0 CP 
LU 1—1 
_i 1— 




2 : t - 1 - < < H-l CC _ J 1-H- Q UJ < I 3 z UJ < CL CO CO UJ 
z Q: 0 00 00 CJ 
ct: Q 0^ UJ 0 cc 
< 2 : > CL CC UJ 































ro O r H O N s O N O i n p -
iH . H r H r o o N O N O e g 
0 9 9 0 9 0 * 
v o c g ^ - O O O O N Q N T O 
-4" ro r H ro o 
r H 
0 0 * 9 0 0 
eg CM ro ro rH rH 
o o a o a o _j 
0 9 • 0 0 0 < 
rH rH CM eg rH rH H-
_1 UJ Z < O 
00 < I U . 2: o h-
+ 







0 CO rH CO -4- 0 CP >r NO rH < 
00 rH CP eg 0 CO 0 CJ: r o rH CM eg 00 
C^ 0 i n ^ 0 CP 0 — 0 0 * 0 t o 0 
9 0 0 0 * 0 0 0 0 CP 0 z CT-








< CJ 0 
_J UJ 
3 _ l UJ 
2: 0 CD 
cc 2: h - H < 5: < 
FO
 
a: - J a 
H- Q < 3 
UJ < 00 CO a: E
N
T 
f - z Q; lyi 00 0 0 
QC Q UJ 0 X cc 
2: t-" >-( _ i UJ 2: < < 2: a or 0 LU 
3 00 1 - < u - 2: CJ a CD < I/) CD 00 Q. 
5 -
» ^ , i - fN» r g CO oo 
• • • • • o a CT" C> O O i~t ff> 
c ^ o ^ « t fvj o 
o o o o 4-
<M ,1- O O rr> O 
1^  f - i m 
t • • 
f-t r-t 
0 0 ^ 
to ai >t 
0 0 
V -J 
< i z < -4-
< 
a 
0 0 Q 
_ J 111 U. 
LU in lA CO fO 0 
oc 
a. a ct: 0 
s: 
2 : 0 
1-0 
UJ _ j ai in ^ 















in o »H fO ^ o 
• • • • • • 
0 0 0 0 0 0 
m CO .H <vj CVJ fM 
• « • • O a OS 0 0 O O r - l O vO fH 1-4 
in >0 r-» pg ro fO 
• • • • • e 
O CT* O O O O 
O fM O C J tr> 
• o s • a • 
i n 0 0 o o o ^ 
1^  ^ - r a <M 
• « • • • • o O O O O o 
O O O f\| in 
a e e • 0 o 
ro CO o O O >o 
I - + o rg o O CO o 
9 9 0 O 0 0 



















oj o o 
O fM (M 
i-i _ j UJ 
I / ) < u . 
o 
o 
O <M O 
< < (\J 
O 2 i<i 
< 
o 
I / ) 
LU 
O 
> X a 
CO 
O 
I / ) 










^ O r-( vO vO O 
O O O O vO o 
(NJ -J- O O rr\ O 
o ^ >a- in O CT> O O 0 0 O • « • • • • 
CM ro O o m O 
r-j )H >!• r-O O O O J- o 
• a o • • • (M ><• O o CO O 
o\ o ro o r~ CO Qv o o o O 0 0 
• a t • • • 
- I ^ O O O ro 
0 0 fO >-i >o fr\ (\J O O O O -4- O 
a e » • o • 
CM ^ O O ro O 
0 0 CM o o m o o o o o 
a 0 • a a e 
-4 * O O O ro 
o ro o O ro cr o o O "-f CO 
a Q P a a • 
rH ^  O O O ro 
in in o 
a • • 
0 0 f-t o 
o ^ 
a a • 
CO •-, _ l UJ < < 
t/) < u, o 3 : 
0 0 
o 
0 0 o 
C L 







tH o a> 
a • • M ^ 
0 0 O CM 
• • a M O 0 0 
0 0 ^ > 0 
• • a 
O 
0 0 o f^ J 
0 a a 
iH o 0 0 0> 
CO O <M 














CD 2 ct: < < a 


















CO o _ l 













n CM UJ 
UJ o 










ro *o <vj m »o • • • • • • 
C> o o o o 
(7< ^  vO >o 
e • • • • • 0< O O o 
tf\ ^ a) ^  • ••••• 
c r 0 0 o o o o 
tM %0 (\J ft vO 1-1 
• • • • • • 
O 00 O O o o 
>o o r- 00 tM ^ 
• t e • • • 00 00 O iH O >0 rH 
r~ ro C J 
e o 0 • e e 
h- r~ o <NJ o 
>0 r - l 
O vO fM s j - O 
• • O O C a cr o o o o 
ro in r-t f\j o 
e o • o e • 00 O O r - l O 
ro ro rvj o O O o t\j rg o (M o 
i-i _ J UJ < < <M 00 < u. o 2 o 
ro ro ro r- c\j 0» in 0 • 0 0 0 0 in 0 « • • 0 «0 CM 0 0 cvj >t 0 0 ro 0 r-t 
vO rH r-» ro CM 
• 0 0 0 (N< 0 • • • 
• • t s • • vO ro 0 fM >J" 0 0 rn 0 0 
in 0 0* (\j 1-t >»• rg in 0 0 • •H r>- .74 0 0 • • • 0 • • • • • • vO ro 0 0 fsj ro 0 0 fo 0 
00 ,-1 ro <\i c> in . >o • r - i 00 0 0 in 0 • • • 0 • • a • • • vO (\i 0 fM ro 0 0 ro 0 
rH 
t/O z 
UJ 0 m 0 ov og 00 (\j NI - 1-4 in 
• > f- 0 m 0 • 0 0 X • • • • • • CsJ 0 0 0 ro 0 0 ro 0 CO H 
i-H rvi ro 
u. 0 0 iH -J- 0 0 ro 0 0 • C7" -^ 0 >r .-H 0 • 0 • 00 0 e • e • • 0 0 0 




vo ^ r-t >r ro 0 0 0 H 0 0 0 0 in 0 to • • 0 
» • 0 • • • CO --^ 0 
(M -d- 0 0 ro 0 0 
t - i 1-to to 0 
CO >o ro >i- 0 a f-( o> 0 9 t- 0^  0 0 0 0^  0 2: 0 0 0 0 QC e 0 e • • 0 0 0^  0 0 
f4 •t 0 0 cr, 0 0 CT 
0. O a: 
fy: UJ 
Q. CD s: 0 UJ 5: < s: 1- 0 ro Q 0 1- -1 UJ < < <r CD 2 0: 1- <r 00 < u. 0 :z ^  UJ < < 0 
r>- f N J c o o « M o . - 4 ro 
^ P Q • • • • • • • 
0 0 0 > O O r M O O 
O O ><• <0 CsJ 
O O O O o 
• • • • • • 
•H J - O O Ni- O 
vO o» in 
• o • 





m O f-i M 
• • • • O f • 
r - o> o o o 
O ^ C 
>t sO o <\j o CVJ 
CT« O O O O O 
• a e • • • 
O O xj- o 
o m o 
• • • 
<y- o o 
< 





























vO o f v (^ 1-4 
e s • • • • 
O O iH o 
O 0^ O ^ (\J rH 
• • • • s • 
0» O O t\J O 
ro ^  O o c^ O 
0 e • o a • 
N- O O tH O 
0^ O O O O 
• • 9 • e o 
CT> O O (\J O 
«• I- }-
vO ' i " o o o 
a a 0 • e Q 
00 C3> O O O 
rH ^0 ^ rH 
a e • e « 0 
CT O o O 
>0 r-* 
ro ro 
( M O O O 
O <M (M O fM O 
•-• _I UJ < < CM 
00 < U . o Z iii 
O 
1^ CM O >r O CM in ON ir» 
• CO r - l O O r-4 O a a a 
00 • • • • • • 00 o o o> >*• O O >!• O 
I - t 
ro ro «i- O CM CO fM O -t in 
• CO I - t O O i - l o a • • 
• a • • a a 0^ o o 






L U o ^ O O O (T O O <3 O « >- O O O o o a 9 a 
CO X • s t a o e O o o o iH "3" O O O O 
.-1 t - l 
fM ro 
U . 
O CM 00 o o (7^ O O O O 
a c^ o o o o o • • a to 0 e e • a • O O o 
( > rH >r o o - J - o o to I - t < 
CO 
UJ 
X o o o o o o o o t- O O O O 0^ o to « • a 
a e • a • • o o o Z CM o O ro o o o o I—t h -to 
00 o o o r- NO p«( ro CM a o ro r~ 
0 H- O C ? O iH fM O 5 : 0 0 e 
O Q : 0 e 0 0 o 0 o o ro o 
O o CM >a- O O ro o u r-1 a o Ql 
D. CO 
o UJ 
_ J < o CO Q o i-i _ J UJ < < z cQ 2 a : 




0 0 > 
_ l . 





l i J 
U. 
UJ CO o cc 
a. o 
c c o t-t ^ m Si 
» r z o a: 
H-
U 























\—I X o 
O ro r-< 0 0 I-I 
• a a • a a 
O O O O O O 
vO >4" >o in 0 0 >4" 
• a • • » a 
0 0 0 ^ O (M oo O 
* + 
0 0 0 0 o CO °o O 
• o • • a a 
oo o» o O O 
Of-* f* 
0 0 CO O fO >o o 
a a • a 9 • 
0 0 0 0 o O <-< O 
r - m o „ ^ o 
o e • a e e 
r - CT' o O <-• o 
>0 r-« 1-4 
>4" ro o PH <3 r\i 
o e • a e • 
0 0 c ^ o o o 
vO r - t 1-4 
a * h - o o 
0 9 o a o a 
ON O O *V o 
O ro O r-« f-l O 
0 0 e o 9 o 
00 O O O CM O 
O r-4 r - l 
ro ro CM O O O 
O CM CM O CM O 
H I _ l UJ < < (>g 
0 0 < u- o z o 
o ^ ,.4 r - i CM O CM ON m 0 
• »-i o o o vO o a t a f-4 • a a • a a 0 0 0 0 O CM ro O o ro O 
r-4 
ro in 0 0 0 0 r>- c^ ro CM m 
a o o >i- o • • a o • a • • a a ^ t • ro fM O •-4 CO O O (M O 0 0 1-4 
. - I 1-4 
1^  .^ ^ m o vO f** o •0 J - 0 
a O O O C3 CT^ O • • a O • a • a a • 0 0 ^ 0 
o • - I '4- O Q (O O ON 
f t 1-4 
o ro O o vo o <0 vl- 0 
a »-t 0 0 o o o • a a 
a a a o a • 0 0 1-4 0 CM ro o O ro o ON --4 
0 0 z 
UJ a f^i m O CM >0 ON , t in CM 
a > 0 ^ O O O O o a a a X a 0 e a 0 • 0 fM 
c r o •H "J- O O «4- O c^ 
CM ro 
u . 
o o o CM in ^ <f in 1-4 
0 O QN o O 0 ^ o a e • 
0 0 a « a a • • 0 0 0 rH 
a- »—» <M ro o O ro o ON 
0 0 r-4 < CO 
111 
1-4 X 0 0 f>- O 0 0 1-4 o <M 0 0 0 e 1- 0 0 O O O "H o oo a e • O • » a 0 » a z 0 0 0 o z .-4 >t O O o o ON o 1-4 t-i 1-
0 0 1—« z to a o in »—* O O <M ro o a in m 0 
9 O O O O rH O s: 0 0 c 
0 a a 9 0 a o 0 0 0 cr o »-4 4 O O •4- O o 
Q . 1-4 O Q : 
CC UJ 
a. CO s: o UJ 
2 : 
< z: 1- o ro Q o 1- —1 t i i < < i Z OD Z QC 1- < 0 0 < u. o z UJ < < 0 
• J " •4-
LA 
cr in ro ro ^ o 
a a • a a • 




CO ro >t o in O 
o 0 0 o o a> o 
f e a a « a 
fM ro O O ro O 
O >t O 
a a a 




_ J < tH 
< . 

















o •-4 UJ r-4 -1 H UJ 
eg • r-
in V, UJ H 
H AG
 
X 1 -2 













m s t <i- ^  ro o 
a • • a • • 
«D c^ o o f-t o 
<o p-t i-l 
o (^  o r- o 
a a a • • a 
0 0 0 0 O »-t - t O 
> 0 r-t 
ro o ro in o 
• • a « • a 
f*- C> O O CM O 
r-t O >t >t ,-4 
• a s • a a 
0 0 0 ^ O O f-4 O 
O p4 r-t 
O fO O >J- r - l r-t 
e a a • • o 
0 0 c^ o o r-t O 
f t r~t 
«o O f - l vO f-t 
s a 0 a o 0 
O O .-t O 
-iD r - l I - l 
O fO fH r o fO 
o o 0 0 o o 
cj> o o r-t o 
vO r-t r-t 
ro ro 
o j o O 
O CM CM 
I - l _ J UJ 
0 0 < u. o 
o 
O (M O 
< l < CM 
o 2 >«: 
o 0 in r*- ro 0 r-t 0 
a 0 0 0 0 0 0 a a • 
O • • a • • a CO r - l 0 
O ^ 0 0 ro 0 r - l r-t 
0 a> in o> vO 0 in in 0 
a c^ 0 0 0 r - l c^ 0 a a a 
O • • a • « a in 0 
O r-t ro 0 0 ro 0 cr r - l rH 
O r-i CT^  0 0 in 0 fO 0 • c^ 0^  0 0 CM 0 a • a o a a a • a a 0 0 r ^ 0 o • - I ro 0 0 <h 0 r - l I-t 
to 2 
UJ 
a> C5 •4- ro 0 >0 CM in 0^  0 
a >- 0 c^ 0 0 0 0 0 0 • a 
X a a a a a • r ^ 0 




O Cr r - l 0 CO 0 fM m (^  vO 
a 0 ^ 0 0 0 0 0 0 • • a 
0 0 to a 0 e a a • r - l 0 
c^ t—1 r-i -tf- 0 0 ro 0 
0 0 r - l < 
CQ 
ULI 
ro . X ro 0 0 0 CM f ^ 0 in ^ 0 1- 0 0 0 0 0 0 to e a 0 
r - l c a a a a a 2 c^ 0 0 
O :^ (M ro 0 0 ro 0 r - l a r - l 1—1 
to 
0 0 
o 0 rM 1—1 ro ^- r-t >0 CM CM a 0 vO 
0 1 - 0 cr> 0 0 0 0 0 s : 0 0 a 
o a: a 0 a a a a 0 0 0 r - l 0 
o o fM ro 0 0 ro 0 0 




o UJ 1—1 s : < 2: 1- 0 ro Q 






00 to •v 
UJ - J 
00 > 







u . CM 
UJ >4- H 
00 ' 4 -
o 
OL. 
a a: in f^ f <! 
• 
•z. <r 




























00 i-t O >4- O 
• a a • a a 
o o o o o 
^ 0 CM w* 
^ f-4 O 00 CO ^4-
• » • • • a o O >0 1^  o 
« 0 PNJ 
ON •-• o vO CO ro 
a a a o a a 
ON o >o - J - o in CM 
<o O ro 00 ro 
a a • a • • 
in o CM in o 
in CM ,-4 
00 O 00 O CM 
a e • a a • 
' 4 - o - I m o 
i n <N 
.-4 ro CO °3 o 
• 0 a 0 t 9 
c^ c^ o o o 
O r-t 1-4 
r-4 .-4 CM 1 ^ O 
O • O a a e 
00 O O O o 
^0 rH 
O ro CM o ro o 
e a 0 o o o c^ c^ O O r-i o 
vO r- l r - l 
ro ro 
ONJ O O o O CM fM O CM O 
(-1 _ J UJ < CM 
00 < U- O Z i«i 
O 
o CM o CO in o >*• o o 
a ON r^ O rH in O a a a 
ON a a a a a a O ro O 
rH >4- O O CO O ON 
CM vO CM o 00 r 4 0> ro 00 
a >0 O CM oo O a a a O a a a 9 a a O O CM O O in O r^ O in <f 
•>4 r>4 
CJN Q ^ O in CM fo 
e <0 » 0 O CM >o o a a a 
00 a a a a a a in rsj CM 
ON o m o t-4 t-4 o in J -
r-l 
in r-l o in H h- CO r-l m 
a 00 o CO O o a a 9 
rH a a a a a a in ro r-l O m O CM CM O s j - in 
•-4 
00 Z 
UJ in o in ro o o NO in ON O r-« 
a >- o o ro r- o 9 a 9 c^ X o a a a a a CM vO r 4 
o ON in o CM •-• o ^ l • in 
CM ro 
u . 
ON O 00 in in ^  ~^ o «o O 
0 ON ON o O O a a a O 00 0 a 9 a a a 00 r-l O o r-l ro o O ro o ON 




00 X CM <4- r^ >4- r~ o r-l ON O e 1 - O ON O O ON o 00 9 9 0 
<7N e a 0 a e a z ON O O 
ON z ( M ro O O ro o o ON o r-4 »—< 
y-to H - l z to o o 
1—1 O >0 CO r-l O Q . r 4 00 O h- O 0> O -» 00 O s: 0 0 a O cc a 9 e 0 a a o r- (M O O o CM ro o O ro o o 
r-4 Q . •-4 o Q : 
cc 111 
Q . CO 
Si 
(_) U J 
1—I 5 : 
< SL 
1 - O ro a o 1 - l -H _ J UJ < <l z CO z a : 





< 00 2 CM < o m o fO <o o o 00 o rH f*. o r- ro o UJ a a a a a a a in CM o ir\ o a a a X ro O 00 rH O o a 0 a • a a ro -O Q < u •4-CO I - t o 00 h - o rn o o r - t 00 
a. r - t 
00 a 
- J <r 
UJ CM 
U. O >o O 4^" >i" r - t in ro in o o^ o CM o >o 
UJ a • a a • a a m ro o ^ in o a a a UJ X m O <D r - t o 0 ^ a e a 0 a a fvj r-- o 
CO u ro »-* CO o ro o o rH 00 
o. 
ce. a to o CO 2 
cc r - l UJ u 00 K O CM C> r ^ CD CTv f*- O CM 00 CM 00 in 
I—I UJ • a a a a a e > •4- ro O NO ^ 0 O e a a z: X in ro O 00 O Q> X a a • * a 0 in fO o 
o >r CO i-t CT o 00 r- o fO o o fH 00 2 
o CM oc fO 
1 - < o r - t u. uu PH r - l O M r - l O in o CM CO O r - t O I - t o 
- J UJ « 9 0 • • 0 a in o vO CO Q a • a 
UJ X Sj- O 00 O 00 a a e a a e o> o o o ro r - l 0^ 1—1 00 r- O ro O O 
CM 
X 






00 pq UJ 
- i < 
UJ 
o 










ro in o o o in ro 
« o e o o a a 
vO in o o h- o c^ in CM r - l c^ 
1 ^ fO O >1- -J- ^ CM 
a s e a a a 9 










o O fM O 
< < CM 
o 2 i^ : 
00 < 
CO 












>o 00 o in 00 CM 
CM >4" O •4" rH 
a 0 9 9 a e O in O r - l <M O 
ng o ro O c^ •4" vO o >o o 
o 9 9 s a 9 
o in o f - t -< o 
fO 
I -H _ l UJ < < 














in o »o 
a 9 a ro CM 
•4- O 
9 9 a 
CM in CM 
in sj-
CQ 2 Q: 
< < o 
Appendix 5.3 Electron microprobe epidote analyses 
35/4 41/36 41/36 43/3 43/3 43/3 43/22 
- I 2 . lA IB 2 1 
Si02 41.37 38.03 37.93 41.83 41.43 42.78 37.62 
AI2O3 22.28 26.57 25.95 18.10 20.48 20.09' 25.30 
*Pe203 6.61 9.37 10.90 10.31 9.19 7.52 10.84 
MgO n.d. 0.04 0.77 0.98 n.d. 1.05 n.d. 
CaO 26.42 23.75 21.70 25.78 25.83 25.97 23.41 
MnO n.d. 0.04 0.08 0.13 0.09 0.12 b . i i 
Total 96.68 97.80 97.33 97.13 97.02 97.53 97.28 
43/22 43/22 43/22 44/5 44/5 44/11 
2 3 4 1 2 lA 
Si02 38.29 40.81 38.49 37.57 38.27 37.42 
AI2O3 22.31 23.59 25.90 27.04 25.40 23.34 
*Fe2G3 12.52 10.78 10.98 10.24 9.89 12.62 
MgO n.d.' 0.05 n.d. n.d. 0.18 -
CaO 24.01 22.18 22.18 23.37 23.86 23.34 
MnO 0.08 0.22 0.40 0.02 0.20 -
Total 97.51 97.63 97.95 98.42 97.80 96.72 
44/11 44/11 44/11 44/11 44/11 44/11 
IB 2 3 4A 4B 5 
Si02 37.84 37.97 37.78 37.65 37.11 37.24 
AI2O3 23.10 24.94 25.36 24.37 25.58 25.35 
*Fe203 12.65 11.52 11.11 11.25 11.72 10.77 
CaO 23.82 23.49 23.61 23.64 23.28 23.94 
Total 97.41 97.92 97.86 96.91 97.69 97.30 
(*),, Total iron as Fe203. 
(n.d.), not detected. 
(-), not determined. 
Appendix 5.4 Electron microprobe idocrase analyses 
43/7 43/7 4+/9A 44/9A 44/9A 44/9A hU/9A 
1 2 lA IB IC ID 2A 
Si02 35.36 34.85 36.63 36.75 37.4L 36.60 35.28 
AI2O3 14.49 14.19 16.96 17.27 17.03 17.18 16.91 
+FeO 3.69 4.02 3.32 2.72 2.87 4.04 3.09 
MgO 1.32 2.70 3.29 3.59 3.46 3.88 3.50 
CaO 35.09 35.67 35.91 35.65 34.57 35.21 35.70 
Ti02 3.23 1.87 0.45 0.11 1.07 0.97 0.68 
MnO 0.10 0.03 0.04 0.06 0.08 0.05 0.05 
Total 93.28 93.33 96.59 96.81 96.48 97.94 95.21 
hU/3A 2*4/9A kh/ll 45/1 45/1 45/1 
2B 2C 1 2 A B C 
Si02 36.70 36.68 38.73 37.79 36.25 35.47 35.51 
AI2O3 16.81 17.01 21.06 19.29 17.49 14.34 14.44 
+FeO 3.06 2.62 0.16 0.15 3.78 4.19 5.68 
MgO 3.28 3.49 0.34 2.16 4.00 • 2.78 1.98 
CaO 35.06 35.59 37.10 36.12 34.76 34.72 34.84 
Ti02 1.30 0.97' 0.05 0.05 0.43 2.75 1.81 
MnO 0.05 0.08 0.42 1.57 0.18 0.01 0.03 
Total 96.26 96.44 97.86 97.13 96.89 94.26 94.29 
45/1 45/1 45/1 45/1 45/1 45/1 45/1 
D E F G H I J 
Si02 35.71 35.65 35.55 35.55 35.52 35.35 35.75 
AI2O3 14.20 14.47 14.25 14.49 14.33 14.41 14rl5 
+PeO 5.65 5.96 5.94 4.99 4.07 4.75 4.47 
MgO 1.75 2.02 2.08 2.35 2.67 2.87 3.64 
CaO 34.73 34.58 34.89 35.01 34.94 35.11 35.48 
Ti02 1.75 1.27 1.65 1.88 3.21 2.37 0.01 
llinO 0.04 0.05 0.03 0.01 0.03 0.02 0.03 
Total 93.82 93.99 94.39 94.27 94.77 94.87 93.52 
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Appendix 5»6 Electron microprobe prehnite analyses. 
55/4 35/4 35/4 35/4 
A B C D 
• Si02 42.3 43.7 43.3 
17.3 19.2 23.4 20.7 
5.8 7.0 0.3 . 0.9 
MgO 1.3 <.0.05 <0.05 0.3 
CaO 29.5 26.2 26.8 26.9 
NagO 0.1 <0.05 <0.05 <0.05 
K2O <0.05 <0.05 <0.05 <^ 0.05 
Total 94.6 94.7 94.2 92.1 
W3 43/3 43/3 43/3 
Ik ^ • IB IC ID 
Si02 42.9 43.5 42.8 43.6 
Al20^ 
"••peao^  
1 90 20,0 19.7 20.0 
4.7 4.8 7.9 6.5 
MgO <0.05 <0.05 < 0.05 ^0.05 
CaO 26.5 26.4 26.4 25.0 
Na20 0.3 <0.05 0.3 <0.05 
K2O <0.05 <0.05 <0.05 0.9 
Total 93.7 94.7 97.1 96.0 
W3 43/3 44/11 44/11 
2A 2B A B 




20.8 19.6 21.1 24.0 
5.9 8.3 0.2 <0.05 
< 0.05 0.2 <:o.o5 <0.05 
CaO 26.8 26.5 27.5 27.3 
Na20 0.1 0.2 <0.05 0.1 
K2O n.d. n.d. 0.1 <0.05 
Total 96.1 95.8 92.7 95.9 
(n.d.), not determined. 
(+), Total iron given as Fe^-^ 
Appendix 5.7 Electron microprobe chlorite analyses. 
43/3 43/3 43/22 
1 2 1 
Si02 35.5 35.9 24.2 
AI2O3 13.9 14.0 18.0 
PeO 22.7 18.8 30.6 
MgO 15.2 10.7 11.4 
CaO 2.0 5.4 4.1 
Ti02 0.5 0.5 0.1 
MnO 0.4 0.4 0.2 
Total 90.1 85.7 88.6 
Number of ions* 
S i 6.93' ) 7.45 ) 5.31I 
> 8.00 }8.oo } 
Al 1.07, 1 0.55 1 2.69J 
Al 2.12^ 2.88^ 1 1.97 
Pe 3.72 3.27 ' 5.63 
Mg 4.41 3.33 3.73 
1^0.81 ao.73 )] 
Ca 0.42 1.20 0.97 
Ti 0.07 0.04 0.02 
Mn 0.07; 0.01, 0.04, 


















(+)j Total iron given as PeO 
( K ) J I OH i s taken as I6.OO, and the formulae have been calculated on 
the basis of 28 oxygen equivalents, ignoring HgO. 













































































(n.d.), not detected. 
(+), Total iron given as Pe20^ 
Appendix 5.9 Variance and standard deviation of electron 
microprobe analyses 






























8 Si02 0.45 0.20 5 
I I Ti02 0.22 0.05 11 
I I AI2O3 0.39 0.15 I I 
11 XFeO 0.25 0.06 I I 
I t MnO 0.10 0.01 I I 
I I MgO 0.27 0.07 I I 
11 CaO 0.54 0.29 I I 
I^roxene 45/l Epidote 41/36-2 
Si02 0.56 0.31 8 Si02 0.45 0.20 5 
Ti02 0.22 0.05 11 AI2O3 0.41 0.17 11 
AI2O3 0.33 0.11 11 +Fe203 0.50 0.25 I I 
F^eO . 0.35 0.12 I I MhO 0.10 0.01 I I 
MnO 0.10 0.01 I t MgO 0.33 0.11 I I 
MgO 0.45 0.20 I I CaO 0.40 0.16 I I 
CaO 0.44 0.19 I I 
Feldspar 43/3 Prehnit e 35/4 
Si02 0.7 0.42 4 Si02 0.5 0.26 4 
AI2O3 0.5 0.27 I I AI2O3 0.4 0.19 I I 
+Fe203 0.3 0.13 I I +Fe203 0.3 0.13 I I 
CaO • 0.3 0.13 I I . MgO 0.5 0.32 I I 
Na20 0.6 0.35 11 CaO 0.5 0.27 I I 
K2O 0".l 0.01 I I Na20 0.2 0.05 I I 
(+), t o t a l Fe as Pe203 
( x ) , t o t a l Fe as FeO 
.135. 
CHAPTER VI 
CONCLUSIONS AND DISCUSSION 
IffiTAMORPHIC FACISS 
One of the most significant assemblages sisen i n the aureole 
i s that of wollastonite + c a l c i t e , recorded i n boreholes 40, 41 
and 43. Yfinkler (I968) suggests that temperatures i n the order 
of 600°C are required f o r the formation of wollastonite at 500 
bars. I f minimum temperatures of 500°C are accepted, as suggested, 
f o r limestone r e c r y s t a l l i z a t i o n to occur at 27 m from the contact 
(Chapter I I I ) , then temperatures of 600°C appear reasonable -within 
10 m of the contact, to which region wollastonite i s r e s t r i c t e d , 
'ffollastonite i s a mineral t y p i c a l of the K feldspar-cordierite-
homfels facies, although i t can occur i n the highest temperature 
part of the hornblende-hornfels facies (Winkler, I 9 6 8 ) . The 
presence of wollastonite-rich rocks, up tO'25 cm thick and over 
8 m from the contact, suggests that the conditions of the K 
feldspar-cordierite-hornfels facies may have been established, 
f o r a time, close to the contact. 
Mineral assemblages t y p i c a l of the homblende-hornfels facies 
(Winkler, I968) are well developed i n the aureole and include 
grossular, dippside-hedenbergite, amphibole and idocrase. Temper-
atures of the order of 520 to 580°C have been suggested f o r t h i s 
facies (Winkler, I 9 6 8 ) , which are i n agreement with those already 
suggested. 
The minerals epidote, c h l o r i t e and a l b i t e are widespread and 
are t y p i c a l minerals of the albite-epidote-hornfels facies, formed 
at temperatures of 400 to 500°G. Ideally the mineral assemblages 
.136 . 
should form d i s t i n c t zones away from the contact, representing a 
f a l l i n temperature. Unfortunately such a simple zoning i s not 
apparent and, as can be seen from Pig. 3 .3 , a l l the minerals are 
found over a range 0 to 1 0 m while only garnet and epidote extend 
t o greater distances. A l l the minerals indicative of the higher 
temperature facies, namely idocrase, wollastonite, diopside-
hedenbergite and hornblende and with the exception of grossular, 
are r e s t r i c t e d t o withi n 10 m of the contact. However, minerals 
indicative of the low-temperature facies, i.e. a l b i t e , c h l o r i t e 
and epidote, are also found i n t h i s region. The co-existence of 
minerals of two and possibly three facies of contact metamorphism 
suggests that e q u i l i b r i a conditions have not been attained. 
Evidence of equilibrium i s , however, forthcoming on a microscopic 
scale, namely the association of wollastonite + ca l c i t e (2fO/9), 
grossular + diopside ( 3 5 / 4 ) and ch l o r i t e + epidote ( 4 3 / 3 ) . Ideally, 
therefore, the facies concept i s d i f f i c u l t to relate to the present 
study where evidence f o r disequilibrium i s evident, although 
localized equilibrium may have been attained on a microscopic 
scale. A point of great significance should be made at t h i s stage. 
The electron microprobe results have shown the dominance of al b i t e 
(>95Ab), which is compatible with the albite-epidote-hornfels 
facies. However, the op t i c a l determinations, i n the present survey 
and those of Dunham ( 1 9 4 8 ) , are suggestive of an oligoclase com-
position which i s compatible with the hornblende-homfels facies 
(TYinkler, I 9 6 8 ) . Thus i n the comparison with other work using 
optical determination of feldspar composition, caution must be 
used i n the event that the feldspar composition has been erron-
eously i d e n t i f i e d . 
The mineral assemblages examined here are those formed only 
.137. 
i n calcareous sediments.. Pure a r g i l l a c e o u s sediments have 
s u f f e r e d only r e c r y s t a l l i z a t i o n of the o r i g i n a l sedimentary 
m a t e r i a l , which i s dominantly quartz, i l l i t e and c h l o r i t e . 
Chemical composition appears, t h e r e f o r e , t o have played the major 
r o l e i n determining t h e metamorphic products seen, temperature 
p l a y i n g a secondary r o l e . This conclusion i s s i m i l a r t o t h a t 
reached by Van Houten (1971). His examination of the Palisade 
aureole showed t h a t minor d i f f e r e n c e s i n composition of rocks 
and f l u i d s were the c o n t r o l l i n g f a c t o r s i n metamorphism, temper-
ature being of minor importance. The v a r i a t i o n i n the Whin S i l l 
and Palisade aureoles substantiates the contention by Turner 
(1968) t h a t compared w i t h other sediments, calcareous rocks show 
wide v a r i a t i o n , less r e g u l a r i t y and obscure zoning i n contact 
environments. 
A r g i l l a c e o u s sediments do not show metamorphic mineral 
development, yet they have been subjected t o the i d e n t i c a l pressure-
temperature c o n d i t i o n s as the calcareous sediments i n which a 
v a r i e d , new mineralogy i s found. The p e l i t i c h o m f e l s of t h e 
Palisade aureole. Van Houten (l97l) show a q u i t e v a r i e d mineralogy-
i n c l u d i n g andalusite, epidote, c o r d i e r i t e , b i o t i t e and hornblende, 
w i t h some fe l d s p a r . The only d i f f e r e n c e between the rock-types 
would be i n the mole f r a c t i o n of CO2 i n the vapour phase v/hich 
would, presumably, be low i n the a r g i l l a c e o u s sediments. Quartz, 
i l l i t e and c h l o r i t e are present i n the a r g i l l a c e o u s lenses i n 
limestones and i n these i l l i t e has reacted t o form c a l c - s i l i c a t e s , 
w h i l e c h l o r i t e appears t o have suffered' only extensive r e c r y s t a l -
l i z a t i o n w i t h the formation of large r a d i a t i n g c r y s t a l s of c h l o r i t e . 
I t appears, t h e r e f o r e , t h a t a CO2 f r a c t i o n acts as a c a t a l y s t i n 
the breakdown of i l l i t e but not of c h l o r i t e . Turner (1968) shows 
.138. 
t h a t any metamorphic r e a c t i o n involves three main processes: 
( l ) l i b e r a t i o n of m a t e r i a l from o r i g i n a l c r y s t a l s ( i . e . break-
do>vn o f m i n e r a l s ) , (2) d i f f u s i o n o f m a t e r i a l , (3) c r y s t a l nuclea-
t i o n . The r a t e of the r e a c t i o n depends upon the slowest of the 
above t h r e e processes. I n the present study, a l l roGk-tjrpes have 
undergone metamorphism under v i r t u a l l y i d e n t i c a l conditions and 
i t appears t h a t t h e d i f f e r e n c e s seen may be a t t r i b u t e d t o t h e 
f i r s t process,. i . e . the breakdown of minerals. The lack of 
r e a c t i o n i n the a r g i l l a c e o u s sediments i s suggested t o be the 
r e s u l t of i n s u f f i c i e n t time a v a i l a b l e , at elevated tejaperatures, 
t o a l l o w the breakdown of the minerals concerned. The basic 
conclusion a r r i v e d a t , t h e r e f o r e , i s t h a t the r e a c t i o n rates of 
c a l c - s i l i c a t e and n o n - c a l c - s i l i c a t e reactions vary g r e a t l y . 
Yoder (1952) also invoked r e a c t i o n k i n e t i c s , t o explain the f i r s t 
appearance o f garnet i n r e g i o n a l metamorphism and not pressure-
temperature c o n d i t i o n s . This view was s t r o n g l y attacked by Pyfe, 
Turner and Yerhoogen (1958)-, and i s probably not p a r t i c u l a r l y 
relevant i n regional,metamorphism where the time-span at elevated 
temperatures w i l l have been much greater than t h a t i n contact 
metamorphism. Turner (I968), however, states t h a t 'reaction 
k i n e t i c s p o s s i b l y play a s i g n i f i c a n t r o l e ' where metamorphism 
occurs on the f r i n g e of contact aureoles. The present work 
suggests t h a t .reaction' r a t e s must play a s i g n i f i c a n t r o l e , 
e s p e c i a l l y i n the case of r e l a t i v e l y small i n t r u s i o n s i n t o areas 
of v a r y i n g rock-type. 
The l i m i t a t i o n of the m a j o r i t y of the new minerals t o w i t h i n 
10 m o f the contact may, perhaps, be explained by reference t o 
the t h e o r e t i c a l temperature curves ( F i g . 2.3). The act u a l values 
recorded are not p a r t i c u l a r l y relevant i n the present discussion 
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but r a t h e r the a c t u a l form of the curves. On i n t r u s i o n of the 
s i l l , a sudden increase i n temperature of the country-rocks 
occurs, which decreases r a p i d l y w i t h distance from the contact. 
There i s i n e f f e c t a 'pulse' of higher temperatures, close t o 
the contact, before a r e l a t i v e l y steady-state i s achieved. This 
pulse has a sharp apex which i s most pronounced between 0 and 
10 m from the contact. Reaction rates increase.exponentially 
w i t h r i s i n g temperature (Turner, I968) and i t appears t h a t t h i s 
pulse was s u f f i c i e n t t o promote the reactions w i t h highest 
v e l o c i t i e s , thus g i v i n g t h e mineral assemblages seen w i t h i n 10 m 
of t h e contact. Barker (1932), i n a discussion o f l i m e - s i l i c a t e 
rocks, h i n t s at t h e e f f e c t of r e a c t i o n rates i n contact meta-
morphism by the statement 'reactions ... premised a p e c u l i a r 
promptitude and r a p i d i t y are only those which take place between 
carbonate and non-carbonate'. 
The status of grossular as a mineral diagnostic of the 
hornblende-hornfels f a c i e s (Winkler, I968; Turner and Verhoogen, 
1960) should be viewed i n a c r i t i c a l l i g h t i n retrospect of the 
present study. Grossular/andradite i s found up t o 23 m from 
t h e contact and between 20 and 23 m i t i s only found i n assoc-
i a t i o n w i t h a r e l a t i v e l y F e - r i c h epidote. I r o n - r i c h epidote 
can form at quite low temperatures and i s knotvn from b u r i a l . 
metamorphism (Winkler, I968). ]B\arthermore, grossular i s commonly 
associated w i t h a l b i t e and i n a l a t e r s e c t i o n of t h i s Chapterjan 
i d e a l i z e d formula i s given i n which the simultaneous formation 
of a l b i t e and grossular i s suggested. This r e l a t i o n i s not 
s t r a i g h t f o r w a r d , however, because on the basis of simple o p t i c s , 
the f e l d s p a r s are c a l c i c - o l i g o c l a s e which would be stable w i t h 
grossular i n the normal sense. The r o l e of r e a c t i o n k i n e t i c s 
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should also be borne i n mind, as explained e a r l i e r , i n the 
e l u c i d a t i o n of c a l c - s i l i c a t e r eactions and the status of 
grossular. Liou (l97l) has shown the breakdown of prehnite to. • 
give z o i s i t e + grossular + quartz, i n r e g i o n a l metamorphism at 
the greenschist f a c i e s l e v e l . The presence of grossular i n the 
greenschist f a c i e s , of which the a l b i t e - e p i d o t e - h o m f e l s i s the 
contact equivalent, i s c o n t r i b u t o r y evidence t h a t the status of 
grossular/andradite should be f u r t h e r c r i t i c a l l y reviewed. 
EXTENT OF METMOEPHISM 
The work presented i n t h i s t h e s i s i s mainly devoted t o the 
contact metamorphic e f f e c t s o f the TThin S i l l , i n Upper Teesdale. 
I t i s i n t h i s area, where the s i l l i s at. one of i t s t h i c k e s t 
known horizons (73 m), t h a t the maximum metamorphic e f f e c t s are 
seen. I n other areas the s i l l reaches s i m i l a r thicknesses, such 
as at B t t e r s g i l l (73 m), Burtree Pasture mine (73 m) and the 
Rookhope borehole (59 m), while a recent borehole at Ninebanks, 
West Al l e n d a l e , has proved a maximum known thickness of 80 m. 
However, as described i n Chapter I I I , metamorphism i s h i g h l y 
r e s t r i c t e d i n areas outside Upper Teesdale, and development of 
metamorphic minerals i s seen only w i t h i n 4 m of the contact, 
while at Cow Green, metamorphic mineral assemblages have been 
recorded t o more than 25 m from the contact. T h e o r e t i c a l con-
s i d e r a t i o n s show t h a t assuming a l l heat t r a n s f e r i s by conduction, 
the maximum metamorphic e f f e c t would be expected where the s i l l 
i s t h i c k e s t . As shown i n F i g . 2.3, the t h e o r e t i c a l temperatures 
reached i n the country-rocks at Ninebanks should have been some 
50°C higher than i n Upper Teesdale. This v a r i a t i o n i n meta-
morphism i s , t h e r e f o r e , d i f f i c u l t . t o i n t e r p r e t on the basis of 
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t h e o r e t i c a l temperature curves alone, where less than 100°C 
separates t h e country-rock temperatures at Rookhope, Cow Green 
and Ninebanks. 
A possible c o n t r i b u t o r y f a c t o r has r e c e n t l y been suggested 
by s t u d i e s of coal rank on the A l s t o n Block and adjacent areas. 
Ridd, Walker- and Jones (1970) have suggested t h a t the coals from 
the Harton borehole were r a i s e d t o a high-rank p r i o r t o the 
i n t r u s i o n of the ¥hin S i l l , because of a high geothermal heat-
f l o w through the Vifeardale g r a n i t e . Further work has confirmed 
the r e s u l t s seen at Harton and a temperature of t h e country-
rocks i n the region of 100 t o 150°C, i s postulated f o r the 
A l s t o n Block (Dr. B.S. Cooper, personal communication) immediately 
before the- i n t r u s i o n of the V/hin S i l l . The c a l c u l a t i o n s made t o 
derive the temperature curves i n F i g . 2.3 were computed on the 
basis o f country-rocks at 0°C. Any excess temperature of the • 
country-rocks i s merely added t o the values determined (Jaeger, 
196if). This pre-heating does not account f o r the d i s p a r i t y 
between Rookhope and Teesdale as both are un d e r l a i n by g r a n i t e 
at depth, and presxamably v/ere subjected t o i d e n t i c a l geothermal 
gradients. The pre-heating may be of importance when comparisons 
are made w i t h areas l y i n g o f f the Alston Block, where the geo-
thermal gradient was lower. The Ninebanks borehole i s s i t u a t e d 
o f f the main g r a n i t e cupola ( i n s t i t u t e of Geological Sciences, 
1971) and may have been subjected t o a lower geothermal gradient 
w i t h r e s u l t a n t lower country-rock temperatures p r i o r t o the 
Whin S i l l i n t r u s i o n . 
A f u r t h e r and p o s s i b l y decisive f a c t o r i n e x p l a i n i n g the 
v a r i a t i o n i n metamprphism i s t o suggest t h a t a source f o r the 
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Whin magma l i e s i n Upper Teesdale. A magna source, coupled w i t h 
magma f l o w i n g through the area, would s i g n i f i c a n t l y increase 
both t h e maximum temperatures and the perio d of time at which a 
p a r t i c u l a r temperature was prevalent, as compared t o a simple 
case i n v o l v i n g sudden i n t r u s i o n i n t o cold country-rocks. 
Previous authors (Dunham and Kaye, 1965; Hodge, I965) have also 
suggested t h a t the source f o r the s i l l may be i n Upper Teesdale. 
This assxamption was made on the basis of the s i l l being at i t s 
lowest s t r a t i g r a p h i c a l l e v e l , a t t a i n i n g one of i t s maximum 
thicknesses and whose outcrops are markedly i r r e g u l a r on 
Cronkley F e l l . Recently Solomon, Rafter and Dunham (l97l) 
have also suggested a magma source, f o r the s i l l , i n Upper 
Teesdale, w i t h access t o the surface gained v i a the Bu r t r e e f o r d 
disturbance. The r e l a t i v e l y extensive metamorphism seen i n 
Upper Teesdale is,, perhaps,, the most decisive evidence i n 
suggesting a magma source i n t h a t area. This i n t e r p r e t a t i o n 
should be t r e a t e d w i t h some caution, however, because i f the 
whole of the volume of "Whin i s assumed t o have o r i g i n a t e d from 
Upper Teesdale, than a more extensive metamorphism might have 
been expected, associated w i t h higher grades of metamorphism 
close t o th e contact. Mineral assemblages of the s a n i d i n i t e -
f a c i e s might then have been developed because the r e a c t i o n 
rates of the relevant minerals, i n carbonate rocks at the 
required temperatures, are very r a p i d (Reverdatto, 1962f). I t 
i s also p o s s i b l e t h a t Ti?hin dykes have acted as feeders t o pa r t s 
of the complex, as suggested by Holmes and Harwood (1928). 
This i s i n p a r t substantiated by Jones and Cooper (1970) who 
have shown changes ±n c o a l rank adjacent t o T e r t i a r y dykes. 
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which extend up t o t h r e e times the w i d t h of the dykes. TOiin 
dykes u s u a l l y have much greater e f f e c t s ; zones of a f f e c t e d 
coal were found 2.5 km wide on e i t h e r side of the Ludworth dyke 
(27 m), w h i l e the 34 m s i l l i n t r u s i o n i n the Throckley borehole 
only a l t e r e d coal w i t h i n 200 m of the contact. 
Recently Reverdatto et _al. (I970) have shown t h a t f o r non-
abyssal i n t r u s i o n s , t h e I n g e r s o l l c r i t e r i o n ( r a t i o of the 
thickness o f the aureole t o t h a t of the i n t r u s i v e body) cannot 
exceed 0.2 t o 0.3. S i l l - l i k e d o l e r i t e arid basic i n t r u s i o n s 
u s u a l l y have I n g e r s o l l values of 0 . 1 . I n the present case the 
r a t i o o f the aureole (25 m) t o the i n t r u s i o n (73 m) gives a 
value of 0.3, which i s s i g n i f i c a n t l y higher than t h a t assigned 
t o non-abyssal i n t r u s i o n s . This d i s p a r i t y may be explained by 
the presence of h i g h l y r e a c t i v e , impure carbonate rocks and by 
inv o k i n g flowage of magma, thereby g i v i n g r i s e t o anomalous 
con d i t i o n s as compared t o a simple i n t r u s i o n i n t o cold country-
rocks. S i m i l a r l y i n the case of the Palisade i n t r u s i o n (Van 
Houten, I 9 7 I ) , I n g e r s o l l values of between O.3 and 0.7 are found, 
which may be due t o increased aureole temperatures because of 
convective c i r c u l a t i o n of the magna (Van Houten, 1969). 
Reverdatto et a l . (1970) c l a s s i f y contact metamorphism 
i n t o s i x types, depending upon the metamorphic f a c i e s developed 
i n the contact aureoles. Although f a c i e s cannot be s t r i c t l y 
defined i n the li?hin aureole, i t appears f e a s i b l e t o suggest 
t h a t the hornblende-hornfels and a l b i t e - e p i d o t e hornfels f a c i e s 
c o n d i t i o n s were most preva l e n t . This would place the metamor-
phism i n t o Type 3 of Reverdatto et a l . , which i s u s u a l l y 
associated w i t h g r a n i t i c i n t r u s i o n s and only r a r e l y w i t h basic 
rocks. Reverdatto et normally associate basic rock i n t n j s i o n s 
w i t h metamorphism of t h e s a n i d i n i t e and K f e l d s p a r - c o r d i e r i t e 
f a c i e s , e x p l a i n i n g the absence of lower-temperature f a c i e s as 
the r e s u l t of lower r e a c t i o n rates i n these f a c i e s . S i m i l a r l y 
the Palisade contact metamorphism may be c l a s s i f i e d as Type 3. 
Thus as o u t l i n e d above, the metamorphic e f f e c t s seen i n the 
contact aureoles of the Whin and Palisade i n t r u s i o n s , are at 
variance w i t h the conclusions of Reverdatto et a l . (1970). I t 
appears t h a t these authors are attempting t o c l a s s i f y r i g i d l y 
a system i n which t h e r e are a great number of v a r i a b l e s , such 
as type o f igneous i n t r u s i o n , depth o f i n t r u s i o n , thickness of 
i n t r u s i v e body, whether convection or flowage of magna has 
occurred. Also i n contact metamorphism, where the e f f e c t s are 
l i m i t e d t o a r e l a t i v e l y small area, the composition of the 
country-rock w i l l play an important r o l e . I t seems more 
expedient, t h e r e f o r e , not t o c l a s s i f y contact metamorphism as 
r i g i d l y as Reverdatto et al. (1970) but simply as the 'facies 
series of contact metamorphism', as suggested by Den Tex (I971). 
SODIUM METASOMATISM AND THE ORIGIN OF THE Na 
C e r t a i n beds w i t h i n 10 m of the Whin S i l l contact show a 
d e f i n i t e increase i n the amount of Na, as compared to.the 
unmetamorphosed sediments. These changes are described i n 
d e t a i l i n Chapter IV. E l e c t r o n microprobe analysis (Chapter V) 
has shown t h a t most of the Na i s found i n a l b i t e , the m a j o r i t y 
of which occurs i n red-coloured, adinole bands. 
Hutchings ( I 8 9 8 ) f i r s t noted the increased Na20 contents 
of c e r t a i n beds close t o the Whin contact. His nimierous a l k a l i 
determinations showed t h a t t h e r e had been an undoubted increase. 
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but the e f f e c t was patchy and could not be explained. The patchy 
nature of the a d d i t i o n was confirmed i n the present survey but 
i t i s shown t h a t the increase only occurs i n calcareous s e d i -
'ments. Sodium metasomatism and. a d i n o l i z a t i o n at the contacts 
of basic igneous rocks i s a widely accepted phenomenon, the 
c l a s s i c areas being i n the Harz and n o r t h Cornwall (Harker, 
1932). The igneous i n t r u s i o n s associated w i t h these adinoles 
are u s u a l l y basic rocks which have been a l b i t i z e d . The f l u i d s 
producing the a l t e r a t i o n s have long been suggested as being 
derived from somewhat obscure sources i n the parent magma, 
which then invade the country-rock causing a d i n o l i z a t i o n . 
Turner and Verhoogen (1960) consider t h a t the Na i s more 
probably derived from entrapped sea-water and wet sediments, 
i n t o which t h e i n t r u s i o n was emplaced. Hutchings also a t t r i -
buted t h e increase of Na t o i n t r o d u c t i o n of m a t e r i a l from the 
magma, a view supported by Smythe (I930). 
I n t h e case of the present study, no a l b i t i z a t i o n i s seen 
i n t h e "Shin S i l l although i t has suffered late-stage hydro-
thermal a l t e r a t i o n along e a r l y - j o i n t s (?feger, 1929b). This 
a l t e r a t i o n has r e s u l t e d i n a loss of Si02, Na20 and CaO from 
the o r i g i n a l Y/hin, Wager (1928) suggested t h a t the increased 
Na found i n the sediments, was derived from the r e s i d u a l 
p o r t i o n s of these hydrothermal s o l u t i o n s . However, p e c t o l i t e 
i s found i n numerous places along j o i n t s i n t h e Whin S i l l , 
e s p e c i a l l y i n Upper Teesdale, and i t appears probable t h a t much 
of the Na released during c h l o r i t i z a t i o n was incorporated i n t o 
the p e c t o l i t e , Smythe's (1930) analyses show over Jfh Na20 i n a 
sample of p e c t o l i t e from Cauldron Snout, and he suggested t h a t 
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the two processes were i n t e r - r e l a t e d i n the statement pecto-
l i z a t i o n and c h l o r i t i z a t i o n appear t o be complementary'. Further-
more, extensive chemical i n v e s t i g a t i o n s by Smythe (I93O) have 
sho-vvn t h a t Na20 i s not concentrated i n late-stage d e r i v a t i v e s of 
the Whin, suggesting t h a t any late-sta g e s o l u t i o n s expelled from 
the TThin would not be Na-rich. 
I f t h e Whin S i l l i s not accepted, t h e r e f o r e , as the major 
source f o r the increased Na, seen i n the metamorphosed sediments, 
then the only f e a s i b l e assumption i s t o suggest t h a t the Na was 
present probably as NaCl i n the pore-waters of the sediments, 
p r i o r t o t h e i n t r u s i o n . I t i s kno-vvn t h a t p o r e - f l u i d s are not 
composed of pure water but are sol u t i o n s of s a l t i n which NaCl 
i s dominant (M,G. Waljaschko, quoted by Althaitus and Johannes, 
1969). F u r t h e r c o n t r i b u t o r y evidence f o r the presence of NaCl 
pore s o l u t i o n s comes from the record of salt-pseudomorphs from 
basal Carboniferous beds west of the Pennines (personal communi-
c a t i o n . Dr. G.A.L. Johnson). Support f o r t h i s contention i s 
also found i n r e l a t i o n t o recent hypotheses as t o the o r i g i n of 
the m i n e r a l i z i n g s o l u t i o n s of the northern Pennines. The TJhin 
S i l l has been dated as l a t e Coal Measures (295±6 My) by F i t c h 
and l < I i l l e r ( I967), and was probably intruded only s h o r t l y before 
m i n e r a l i z a t i o n commenced. Dunham et a l . (I968) have shown from 
t h e i r own work and t h a t of Dr. S. Moorbath, t h a t the e a r l i e s t 
m i n e r a l i z a t i o n occurred d u r i n g the period 282j±40 Ify. As mentioned 
e a r l i e r , studies of coal metamorphism are i n d i c a t i v e of a 'back-
ground' temperature of 150°C f o r the country rocks of the Alston 
Block, p r i o r t o i n t r u s i o n of the IThin S i l l . This i s f u r t h e r 
evidence t h a t m i n e r a l i z a t i o n was soon t o commence. Recently, 
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Dunham (1970) has reviewed t h e i n c r e a s i n g l y accepted hypothesis 
t h a t m i n e r a l i z i n g f l u i d s may be derived from formation waters 
( i . e . water t h a t i s present i n t h e rocks p r i o r t o any d r i l l i n g ) , 
which have been r a i s e d t o a hi g h temperature. He has shown 
t h a t these waters are hypersaline brines which i n several 
recorded cases have s a l i n i t i e s w e l l i n excess of 100,000 ppm. 
Solomon, Raf t e r and Dunham ( l97 l ) have invoked such a mechanism 
f o r the development of the northern Pennine m i n e r a l i z a t i o n . 
They also suggest, t h a t the i n t r u s i o n of the Whin S i l l , coupled 
w i t h a magma source i n Upper Teesdale, gave r i s e t o a convective 
c i r c u l a t i o n c e l l f o r these formation waters. Thus from the 
gbove discussion on the r e l a t i o n s h i p between the i n t r u s i o n o f 
the s i l l , t h e commencement of the m i n e r a l i z a t i o n and the o r i g i n 
of the m i n e r a l i z i n g s o l u t i o n s , i t appears most f e a s i b l e t h a t t h e 
pore-waters of the sediments, at the time of the Whin S i l l 
i n t r u s i o n , v/ere hypersaline i n character. Sawkins (1966) has 
shown, from f l u i d i n c l u s i o n studies i n the northern Pennines, 
t h a t t h e trapped s o l u t i o n s had between 20 t o 2 j^ equivalent 
weight NaCl, while up t o 33^ has been recorded from f l u o r i t e 
i n Derbyshire (Dunham, 1970). 
Recently Althaus and Johannes (1969) have conducted p e r t i -
nent experiments i n r e l a t i o n t o reac t i o n s between NaCl aqueous 
s o l u t i o n s and clay minerals. One of t h e i r most s i g n i f i c a n t 
r e a c t i o n s recorded, -vvith regard t o the present study, i s as 
f o l l o w s : 
I l l i t e + NaCl + quartz — 5 ^ a l b i t e + 2M-muscovite + b i o t i t e + 
haematite + s a l t s + HCl + H2O. 
This a c t u a l r e a c t i o n has not been observed i n the present study. 
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although t h e production of a l b i t e and haematite, from i l l i t e , 
has occurred as described i n Chapters I I I and V. Newly formed 
muscovite and b i o t i t e i s not observed. Grossular i s , however, 
always i n t i m a t e l y associated w i t h t h e feldspar areas (Plates 
3.17 and 5.2). I n a carbonate-rich environment, such as t h a t , 
under study, w i t h a high concentration of Ca ions, i t appears 
t h a t r e a c t i o n w i l l occur between these and the excess S i and A l , 
from t h e i l l i t e , t o form grossular, p o s s i b l y on the l i n e s of the 
i d e a l i z e d equation given below: 
2 i l l i t e + 1 quartz + 2 NaOH — > 2 a l b i t e + 3 grossular 
2 K Al2^Fe>Siy02o(OH2^_) + Si02 + 2 NaOH — ' 2 NaA]^i308 
+ 3 Qa.-?^Kl2^'^jP\2 i ' l u i d 
I n t h e above r e a c t i o n , NaOH i s suggested instead of NaCl as 
Turner and Verhoogen (I960) show t h a t NaCl i n aqueous s o l u t i o n s 
at high temperatures d i s s o c i a t e s t o form NaOH + HCl. The i l l i t e 
conrposition i s sho-vm w i t h Fe^* s u b s t i t u t i n g f o r A l as i s normal, 
up t o a c e r t a i n extent (Deer, Howie and Zussman, I962). The Fe 
i s p a r t l y incorporated i n t o the grossular t o form a c e r t a i n 
percentage o f the andradite molecule while t h e remainder probably 
enters the f l u i d phase and forms haematite, g i v i n g r i s e t o the 
r e d - c o l o u r a t i o n of the f e l d s p a r areas. The K ions are also 
envisaged as e n t e r i n g the f l u i d phase, as was recorded by Althaus 
and Johannes (1969), being concentrated and then forming potassic 
f e l d s p a r along f r a c t u r e s i n t h e f e l d s p a r areas as described i n 
Chapter V. I n order t o estimate whether s u f f i c i e n t Na i s a v a i l -
able f o r t h e production of a l b i t e on the above basis, a simple 
c a l c u l a t i o n can be made as f o l l o w s : 
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Weight percent of i l l i t e used i n the generation of a l b i t e . 
I l l i t e A l b i t e 
KAl4Fe>Si702o(OH)4 ' NaAlSi308 
Mol.wt.^ Mol.wt.^ 
^ 2 0 ^7.1 iAl203 51.0 
2AI2O3 203.9 3Si02 180.3 
|Fe203 79.9 8 
7Si02 420.6 
2H2O . 3 6 . 0 239.3 
787.5 
% i l l i t e consumed i n formation of a l b i t e = 30.4. 
Examining I6.4 cm-^  of a r g i l l a c e o u s m a t e r i a l at a density of 
38.1 gm/rim-^ (Kennard et _al. I967) and assuming a 5C^ i l l i t e 
content i n t h e sample. 
Weight of a l b i t e produced = 5.8 gm 
Weight percent Na i n a l b i t e (Ab^s) =8.2 
Weight of Na i n 5.8 gm of a l b i t e = 0.45 gm 
Assuming the m a t e r i a l has 1 2 . ^ voids (Kennard et a l . I967), then 
i n 16.4 cm-5, voliame of v o i d = 2.05 cc. 
Using s a l i n i t y values given by Sawkins (I966) and Dunham (197I), 
of 20 t o 23 weight percent and 33 weight percent NaCl, r e s p e c t i v e l y . 
A 20^ s o l u t i o n has 7.9 gm Na, 2.05 oc w i l l have 0.2 gm 
A 23^ s o l u t i o n has 9.0 gm Na, 2.05 cc v / i l l have 0.24 gn 
A 33^ s o l u t i o n has I3.O gm Na, 2.05 cc w i l l have 0.4 gm • 
Allowance should also be made f o r Na already present as a con-
s t i t u e n t o f the a r g i l l a c e o u s m a t e r i a l , -nhich i s u s u a l l y i n the 
reg i o n of 0.6^ Na20. I n the present case, i f a l l t h i s i s used i n 
for m a t i o n of a l b i t e t h e n approximately a f u r t h e r 0.1^ Na i s also 
a v a i l a b l e . Thus based on the above examples, between 0.3 and 0.5^ 
Wa i s a v a i l a b l e , i n a closed system, f o r the production of a l b i t e . 
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E a r l i e r i t was estimated t h a t some 0.45 gm of Na would be required 
f o r t h e f o r m a t i o n of a l b i t e , from i l l i t e , based on the proposed 
i d e a l i z e d r e a c t i o n . Using t h e values given by Sawkins (I966) f o r 
t h e n o r t h e r n Penniues, i n s u f f i c i e n t Na i s a v a i l a b l e , and t h i s may 
ex p l a i n s i t u a t i o n s such as i l l u s t r a t e d i n Plate 3 .11. Here 
sample 43/6, 1.5 m from the contact, shows a c e n t r a l area of r e -
c r y s t a l l i z e d i l l i t e surrounded by f i n e - g r a i n e d feldspar. This 
i l l i t e , even though close t o the contact, has not reacted com-
p l e t e l y t o form f e l d s p a r , p o s s i b l y due t o a l a c k of Na. This 
f e a t u r e i s p o s s i b l y repeated i n the very f i n e - g r a i n e d adinole 
areas, where i t i s not r e a d i l y possible t o resolve between quartz,, 
f e l d s p a r and i l l i t e . The above system i s envisaged as isochemical 
but, no doubt, once some Na i s consumed i n th e r e a c t i o n and the 
pore-water becomes r e l a t i v e l y depleted, a concentration gradient 
w i l l be established. This w i l l a llow replenishment from areas 
where Na i s not being consumed, such as areas of c h l o r i t i c or 
quartzose m a t e r i a l . 
SKARN FORMATION 
Skarn deposits are u s u a l l y developed at igneous contacts 
w i t h marbles and consist dominantly of andradite, hornblende, 
diopside, quartz, w o l l a s t o n i t e and haematite. The classic 
explanation f o r these deposits has been t o invoke reactions 
between t h e carbonate and s o l u t i o n s , derived from the i n t r u s i o n , 
c o n t a i n i n g Fe, Mg and S i , which invade the country-rock. This 
hypothesis has been suggested even when the intruded magma has 
been r e l a t i v e l y depleted i n one or more of the elements concen-
t r a t e d i n t h e proposed invading s o l u t i o n s ; t h i s p a r t i c u l a r . 
anomaly has been stressed by Harker (I932). Such skarn deposits 
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are o f great i n t e r e s t because of t h e common occurrence of i r o n 
ores i n a s s o c i a t i o n w i t h them, a s i t u a t i o n r e c e n t l y reviewed by 
Bartholome (1970). 
The mineral assemblages found i n t h e 'Whin S i l l aureole are 
very s i m i l a r t o .those found i n skam deposits. K n i l l (I966) 
a t t r i b u t e d the c a l c - s i l i c a t e lenses, found i n the Melmerby Scar 
Limestone, t o a skarn development. This hypothesis i s shown t o 
be wrong, by the present work, the c a l c - . s i l i c a t e lenses being 
merely t h e product of metamorphism of o r i g i n a l l y a r g i l l a c e o u s 
bands i n t h e limestone, as described i n Chapter I I I . The com-
p o s i t i o n s of the phases developed have been shown t o be l a r g e l y 
c o n t r o l l e d by the breakdown of i l l i t e . The present work, i s , 
t h e r e f o r e , o f importance i n r e l a t i o n t o skarns, e s p e c i a l l y those 
found adjacent t o i n t r u s i o n s which are not enriched i n the 
elements dominant i n the skam. 
Impure limestones, when metamorphosed, can give r i s e t o a 
s k a r n - l i k e mineralogy, which i s developed as a consequence of 
the mineralogy of the o r i g i n a l i m p u r i t i e s and of the grade of 
metamorphism. I n t h e present study, the i m p u r i t i e s i n t h e 
limestones have been dominantly i l l i t e , quartz and c h l o r i t e , of 
which only the i l l i t e and quartz have reacted, at the conditions 
prevalent i n the aureole. This i n t u r n has given r i s e t o the 
dominance of a l u m i n o s i l i c a t e phases i n the aureole. I f c h l o r i t e 
had also broken down, then a more v a r i e d mineral assemblage 
would have developed, due t o the release of the Mg and Pe^ "^  
components. Where the o r i g i n a l nature of t h e rocks has been 
completely destroyed by the metamorphism, i t i s o f t e n quite 
d i f f i c u l t t o resolve whether metasomatic i n t r o d u c t i o n of m a t e r i a l . 
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from an igneous' body, i n t o a pure limestone, or isochemical meta-
morphism has occurred. This u n c e r t a i n t y was apparent t o Bartholome 
(1970) who stated t h a t '... few d e c i s i v e conclusions can be drawn 
as f a r as f e r r i c metasomatism ... i s concerned'. He i s , however, 
of t h e opinion t h a t although the metasomatic elements may have 
been derived from the country-rock, they have suffered remobil-
i z a t i o n by ascent through the i n t r u s i v e body. This i s not 
n e c e s s a r i l y the case.in a l l examples, as the s k a r n - l i k e c a l c -
s i l i c a t e lenses, of the IrThin S i l l aureole, have formed i n s i t u 
without necessity f o r recourse t o metasomatic i n t r o d u c t i o n from 
the Tf/hin S i l l . 
The presence of haematite i n the c a l c - s i l i c a t e lenses i s 
also of i n t e r e s t i n r e l a t i o n t o the genesis of i r o n ores, which 
are o f t e n found i n skam deposits. The haematite found i n the 
present study, associated w i t h the feldspar areas, has been 
suggested as derived from the Fe-^t released by t h e breakdown of 
i l l i t e . Thus i f i l l i t e forms a s u b s t a n t i a l percentage of the 
i m p u r i t i e s i n contact-metamorphosed, impure limestones, there i s 
p o t e n t i a l l y a high p r o p o r t i o n of Fe^"^ a v a i l a b l e t o be concentrated 
so as t o give r i s e t o haematite. The experimental work of Althaus 
and Johannes (1969), on the r e a c t i o n of clay minerals w i t h NaCl 
aqueous s o l u t i o n s , showed t h a t haematite i s formed from i l l i t e , 
w h i l e r e l a t i v e l y large concentrations of K and Fe were present 
i n t h e f l u i d phase. The authors suggested t h a t i f t h i s f l u i d 
phase l e f t t h e rock system i n which i t was formed, then i t could 
give r i s e t o metasomatic deposits. S i d e r i t e or ankerite deposits 
would be formed, i t was suggested, i f these f l u i d s came i n t o 
contact w i t h carbonate rocks. The present environment i s 
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carbonate-r ich but haematite has fonned and not an Fe-carbonate, 
suggesting that conditions were in the haematite s t a b i l i t y f i e l d . 
Garre ls and Christ ( I965) have shown that at one atmosphere and 
a temperature of 25°C, the s t a b i l i t y f i e l d of haematite, with 
respect to Eh, pH and p a r t i a l pressure of CO2, i s quite large . 
They showed that a p a r t i a l pressure of log Pco^^ i s required 
before the s t a b i l i t y f i e l d of s i d e r i t e i s wel l establ ished. The 
s t a b i l i t y f i e l d of magnetite i s quite small i n the above system, 
the formation of haematite or magnetite being dependant upon the 
Eh of the system although t h i s i s highly dependant upon the pH 
of the solut ions . The pH of the solutions involved i n the 
pertinent reactions i s d i f f i c u l t to estimate, as the dissoc iat ion 
constants of acids and water vary greatly with temperature such 
that the pH of solutions at high temperatures w i l l be quite 
d i f ferent from those of the same solutions at room temperature. 
I t i s apparent, though, that the conditions ex i s t ing s t i l l 
allowed the.formation of haematite. 
BEDROCK GEOLOGY AND THE SOIL-FLOEA ASSOCIATION 
The Upper Teesdale region, e spec ia l ly the Cow Green area, 
has long been renowned in b io log ica l c i r c l e s for i t s unique 
a r c t i c - a l p i n e f l o r a . The f l o r a associat ion consis ts of a number 
of species of f lowering plants which are rare in the B r i t i s h 
I s l e s and some which are unknown elsewhere in the country. The 
area has been the subject of a c l a s s i c a r t i c l e by Pigott (1956), 
who noted the close assoc iat ion between the rare f l o r a , outcrops 
of and s o i l s developed on the metamorphosed Melmerby Scar Lime-
stone. The metamorphism of t h i s limestone has resulted i n the 
foimation of a saccharoidal marble (Chapter I I I ) , which i s known 
.154. 
to b io log i s t s as 'sugar limestone'. The associat ion noted by 
Pigott (1956) has recent ly been stressed by Turner ( l970) and 
Bradshaw ( I970) , who showed that the bulk of the great f l o r a l 
r a r i t i e s are found i n comraunities confined to, or associated 
with the marble. 
One of the aims of the present study, as outlined in 
Chapter I , was to- examine the unique development of saccharoidal 
marble and i t s geochemistry, i n t h i s area of Upper Teesdale. 
T h i s was to e s tab l i sh v/hat inf luence, i f any, geological factors 
have had on the sustenance of the a r c t i c - a l p i n e f l o r a up to the 
present day. 
I t i s highly doubtful i f the limestone geochemistry w i l l 
have any influence on the f l o r a associat ion, as l i t t l e var ia t ion 
has been found. The limestones of the region are quite pure 
and contain only minor amounts of terrigenous and carbonaceous 
impur i t i e s . The t race element geochemistry, as described in 
Chapter l Y i s r e l a t i v e l y uniform. Only Cu, Ba and Sr were 
found to be consis tent ly above the detection l imit of analys is 
and of these, Gu and Ba occurred only i n r e l a t i v e l y low con-
centrat ions . The only areas v/here possible inf luence by the 
bedrock geochemistry on the f l o r a might occur, i s in the 
v i c i n i t y of mineral ve ins , where a more varied geochemistry i s 
present; these areas have not been studied i n the present 
survey. 
The phys ica l aspects of the bedrock geology have, however, 
played a major role i n sustaining the rare f l o r a assoc iat ion. 
The in trus ion of the V/hin S i l l into c lear-water limestones pro-
duced saccharoidal marble in the Upper Teesdale area. Thi s 
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marble and the associated rendzinas have produced a ser ies of 
precarious habitat which have proved suitable for the s u r v i v a l 
of the a r c t i c - a l p i n e f l o r a . This role has been described in 
greater d e t a i l in a recent jo int a r t i c l e by the writer (Johnson, 
Robinson and Homung, 1971) . 
A copy of the paper (Johnson _et _a l . , 1971) i s enclosed with 
t h i s t h e s i s . 
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Transitive Inferences and Memory 
p. E . B R Y A N T 
Department of Experimental Psychology, University of Oxford 
T . T R A B A S S O 
- Department of Psycholog>', Princeton University 
Contrary to the conclusions of Piaget, 
young children can make transitive 
inferences if precautions are taken to 
prevent deficits of memory from being 
confused with inferential deficits. 
F O R some time, it has been believed that young children arc 
unable to form transitive inferences about quantity until 
they pass the stage of logical preoperations at about 7 yr o ld ' ' ^ . 
This argument has been very widely accepted-*'*. Piaget 
and his colleagues propose that the young child cannot infer, 
for example, that A > C f rom the information that A > B and 
B > C . They assert that the child is unable to coordinate 
the first two, separate items of information in order to reach 
the correct inferential conclusion about A and C. I f true, 
this claim has important educational implications, for a child 
who cannot combine this information must also be unable to 
understand the most elementary principles of measurement. 
We report two experiments which show that the claim is 
unjustified. The experiments demonstrate that 4 yr old chil-
dren can make transitive inferences about quantity, provided 
that they can remember the items of information which they 
are asked to combine. 
One must ensure that the child has retained the comparisons 
^vhich he has to combine, i f one is to infer whether or not he 
can make transitive inferences. Otherwise, an error might 
simply be due to a failure in memory and have nothing to 
do with inferential ability. Yet experiments in which it is 
reported that children cannot make inferential judgments lack 
'his elementary precaution. One can control for forgetting by 
taking two precautions. First, teach the child the initial com-
parisons (A > B and B > C) very thoroughly. Second, test for 
memory of these comparisons at the same time as one asks 
the inferential question about A and C. The first precaution 
ensures retention o f tlic initial comparisons and the second 
checks for this retention during the inferential problem. 
We found it necessary to introduce another control in our 
experiments. This was against the transfer of "absolute" 
responses. The general procedure in prior experiments has been 
to use three quantities (A, B and C). I f only three are used, 
the correct response to the two extreme quantities must be 
the same in both the inferential problem and in the init ial 
direct comparisons. The quantity A is the "larger" when 
compared with B, and C is the "smaller" when compared with 
B, in the initial direct comparisons. Yet "larger" is the corrcci 
response to A and "smaller" is the correct response to C in 
the inferential A C comparisons. Thus a child who produces 
the correct response when asked the A C question may do so 
by parroting a verbal label picked up during the initial com-
parisons, and not, as has always been assumed, by making a 
genuine inference through the combination of two separate 
comparisons. 
The correct control is to introduce more stimuli and thus more . 
direct comparisons. I f there are as many as five stimuli (in de-
scending order of size they are A, B, C, D and E) four initial 
direct comparisons are possible, A > B , B > C , C > D , a n d D > E. 
Note that B, C, and D all feature in two of these comparisons 
and that each of them is the larger in one comparison and 
the smaller in the ether. This means that no one absolute 
response can be transferred to any one of these three quantities, 
and it therefore follows that the crucial transitive comparison 
wil l be between B and D . This indirect comparison cannot be 
solved by transfer of absolute responses, since B and D were 
both larger and smaller in the initial direct comparisons. 
Our experiments thus involved first a thorough training 
period with four direct comparisons, followed by a test period 
in which the children were tested for their ability to rnake 
transitive judgments and to remember the initial comparisons. 
I n the first experiment, sixty children in three age groups o f 
twenty each participated. The mean ages of the groups were 
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the surface at the bedrock d r i f t or mineral soil interface. A t 
the surface a hardened crust tends to f o r m on the marble and 
erosion may be relatively slow except near to the Wl i in contact 
where the coarsely crystalline rock is often readily attacked 
by subaerial weathering processes. A t the subsurface junction 
of bedrock marble and overlying d r i f t or soil, percolating 
ground water causes solution weathering leading to loss of 
cohesion between calcite grains in the marble. Sections tlirough 
the drift-marble interface show rotten saccharoidal marble or 
calcite sand deposits G.25 to 3.0 m thick. The thickness of 
the layer and the rate o f weathering of the marble are dependent 
on the amount o f ground-water movement. Subsurface 
erosion sufficient to produce hollows in the land surface has 
taken place as the rotted marble is removed in solution. 
From these observations it follows that the unconsolidated 
calcite sand, known to a succession of biologists as "sugar 
limestone", is chiefly a subsurface weathering product of 
saccharoidal marble formed beneath a cover of dr i f t and soil. 
Its presence at the surface today is caused by contemporary 
erosion o f the soil and dr i f t cover. Calcite sand is a most 
unstable surface deposit which tends to erode by rain and 
wind action at any place where the protective dr i f t , soil or 
vegetation cover is removed. A Q'cle consisting of subsurface 
weathering below thin soil followed by erosion of unstable 
calcite sand may have taken place on crystalline marble 
outcrops on Widdybank and Cronkley fells during much of 
the post-glacial time. This would provide a succession of 
open habitats suitable for the sur\'ival o f the arctic-alpine 
flora. Because of its instability and secondary origin i t is 
unlikely that calcite sand deposits were present on these 
outcrops during the period of initial plant colonizittion in 
late-glacial times. 
Soil Development 
The presence or absence and thickness o f d r i f t cover have 
been important factors in determining the soils developed 
over crystalline marble on Widdybank and Cronkley fells. 
Under continuous dr i f t , more than 60 cm thick, the limestone 
acts chiefly as a platform on which soil formation takes place 
in the upper layers of the dr i f t cover. The limestone exerts 
some influence on soil formation by maintaining free drainage 
in the subsoil and lower dr i f t , even though the latter is often 
of heavy texture. Peaty gleyed podzols or deep peat are the 
resultant soils. Where the superficial dr if t cover is thinner 
(30 to 60 cm) the limestone maintains free drainage, but also 
exerts an influence on the chemistry o f the soil so that brown 
earths or brown calcareous soils result. Where there is only 
a thin layer of superficial material, less than 30 cm thick, the 
bedrock marble dominates soil formation and rendzinas are 
the resulting soils. 
The rendzinas form part o f a complex in which three sub-
types, for the purpose of this paper called a, p and y, occur 
in association with small areas of brown earth soils. The brown 
earths are found over patches of deeper superficial material. 
The rendzinas are characterized by alkaline reaction and 
excessive drainage such that even short dry periods cause a 
water def ic i t " . Rendzina a is the simplest and forms in situ 
f rom rotten crystalline marble. The profile is divisible into 
a dark grey, humic but sandy surface horizon ( A or Ah) which 
has a dense mat of fibrous roots, and an underlying C horizon 
of white or cream coloured calcite sand. Formation of a 
rendzinas requires the prior removal o f any superficial d r i f t 
wi th exposure of the underlying marble to subaerial erosion 
and soil forming processes. 
Rendzina P is the most widespread in the rendzina com-
plexes. I t develops over crystalline marble bedrock in regions 
where dr i f t parent materials play an important part in profile 
formation. A typical profile is composed of a thin horizon 
(up to 10 cm) o f dark brown or reddish brown clay or silt 
loam over calcite sand resting on relatively unaltered marble. 
The colour and texture o f the surface layer vary considerably. 
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Colour variation reflects a number o f factors but brisht 
coloured reddish variants have a high content of total iron 
present as hydroxides. The bright red soils oserlie marble 
cut by fine siderite veins which oxidize to hydroxides o f iron 
including goethite. The soils inherit their coluration and hieh 
iron content f r o m the vein material, fragments of which are 
normally present in the soils. Textural variation depends on 
changes in the proportions of sand and clay with the silt 
fraction remaining fairly constant. The soils also contain 
small stones which have been derived fronr the surrounding 
dr i f t . The loam is clearly of mixed origin containing contri-
butions f rom the dr i f t and the underlying marble; mixing 
probably took place during pedogenesis. 
Rendzina subtype y is a closely related group of soils v.hich 
have aeolian erosion and depositional characteristics as a 
uniting featuie. They fo rm a small part of the total rendzina 
complexes and show much variation in detailed profile mor-
phology. These rendzinas are particularly well developed in 
the Thistle Green area, Cronkley fell, where they arc associated 
with and abut against bare areas of calcite sand. Proiiii.'^ of 
rendzina y almost always contain a number of buried surface 
horizons and clear evidence of surface accretion. Ohscrvaiio.T 
on a windy day immediately demonstrates that acolian move-
ment and deposition are active and sufficient to produce profile 
accretion. These soils were formed under conditions of 
periodic erosion, aeolian trarisport and deposition of caiciic 
sand. Readily identifiable old surface horizons within the 
rendzina y profiles support an origin by periodic deposition 
rather than continuous accretion. Periodic erosion of lime-
stone sand would produce areas available for plant colonisation 
and would aid the survival o f the Teesdale flora. 
The typical rendzina profiles difler markedly from soils 
developed over unaltered Carboniferous limestone thouirii the 
rendzina P subtype grades impcrceptively into normal lime-
stone soils away f rom the Whin Sill contact as the bcdrLvk 
changes f rom coarse to fine grained marble. The marble 
rendzinas, though distinctive, f o r m only a relatively small part 
of the soils of the botanically significant region of Upper 
Teesdale. The brown earths, brown calcareous soils and the 
various gleys developed on dr i f t and other parent materials 
are also important. 
Bedrock-Soil-Flora Association 
The combination of lower Carboniferous clear water liine-
stone, late Carboniferous Earth movements and the inicctiun 
of the Whin Sill produced coarse grained crystalline n^arble 
in Upper Teesdale. Tertiary and recent erosion with the 
Quaternary glaciation exposed this unusual bedrock at the 
surface. Rendzinas developed on outcropping marble by soi! 
forming processes. A geological setting o f this type is unknown 
outside Upper Tecsdale in Britain and comparable rcndzmas 
are similarly restricted. In the vicinity of this narrow geological 
and pedological setting the Teesdale flora has survived since 
shortly after the end of the Quaternary glaciation. It is our 
contention that the survival of the relict flora in association 
with unique geology and' soils is not coincidental. The 
inherent instability and excessive drainage of the calcite sand 
soils have provided a continuous series of precarious habitats 
suitable for the survival of the alpine plants. In the vicinity 
of these soils elements o f the flora have colonized restricted 
adjacent regions of differing soil type giving the plant distri-
bution found today. Other factors have clearly played their 
part in sustaining the flora over the period of about 10,000 
years. Two factors arc particularly noteworthy; first, the 
severe climate of the Teesdale fells provides a suitable environ-
ment, and second, continuous grazing o f the small areas of 
limestone grassland f rom prehistoric times'- to the present 
day has tended to maintain the required more open habitats. 
We thank Drs W. A . Clark, A . W. Davison, J. Turner 
and D . F. Ball who have read the manuscript and offered 
helpful advice. This research forms part of a survey of Upper 
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and the overlying crystalline marbles outcrop extensively 
though often masked by superficial glacial dr if t . The morainic 
tirift and peat deposits, formed during Quaternary glacial and 
post-glacial times, have also played a significant part in the 
formation o f the biologically important soils. 
Whin Sill and Metamorphism 
On Widdybank and Cronkley fells metamorphism of the 
Melmerby Scar Limestone and associated sediments occurs 
above and below the Great Whin Sill. The limestone is 
recrystallized for more than 25 m f rom the contact and the 
metamorphic effect can be detected to almost 40 m above and/ 
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below the sill on the basis of spotting in shales. Elsewhere 
in northern England, where the sill is thinner, the effect of 
metamorphism is restricted to beds close to the contact. , 
at a distance of 18 ml ibove. The dark pigmented iTmestonesT^ 
found principally in the Middle Limestone Group, are not 
recrystallized because the carbonaceous organic matter causes 
the suppression of marmarization'". Thus where dark lime-
stones are found near the Whin contacts very little or no 
crystalline marble is found. 
The formation of marble in Upper Teesdale is clearly the 
result of three factors combining to f o r m a bedrock formation 
unique in northern England. First, the Whin Sill is near 
maximum thickness and lowest stratigraphical horizon. 
Upper Lit 
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Fig. I Geological sketch map of part of Upper Teesdale showing the outcrop of the Great Whin Sill and the principal 
groups of sedimentary rocks. S, Well developed rotten marble and calcite sand rendzinas. 
The alteration o f pure limestones is limited to simple 
recrystallization. Impure limestones close to the contact 
form calc-silicate rocks in which a wide variety of minerals 
are present. Shales adjacent to the Whin Sill are converted 
into hard porcellaneous rocks (whetstones) in which the 
bedding is lost. Further f rom the contact spotted shales are 
commonly developed. Pure sandstones are converted into 
white quartzite at the contact and impure sandstones develop 
alteration patterns depending on the amounts o f argillaceous 
or calcareous material present. The mineralogy of contact 
rocks associated wi th the Whin Sill in Teesdale has been 
described recently by Robinson'. 
The pure Melmerby Scar Limestone of Widdybank and 
Cronkley fells is recrystallized by the Whin Sill to a saccharoidal 
ouxble for about 25 m f rom the upper contact; a small thick-
of marble is also present below the sill. The marble 
fonsisis of dodecahedral to rounded grains of calcite varying 
«n awrage grain size f rom 0.5 mm at the contact to 0.05 mm 
Second, the sill is injected into the thickest limestone in the 
Carboniferous succession of the region, the Melmerby Scar 
Limestone. Finally, the low carbon content of this pure, light 
coloured limestone allowed metamorphic recr>'stailization to 
take place readily, wi th the development o f thick marbie 
formations. 
Weathering of Crystalline Marble 
The marble outcrop is partly masked by patches and tongues 
of glacial d r i f t on Widdybank and Cronkley fells. This is a 
pattern of exposure that has not changed greatly f rom the 
early post-glacial period when continuous vegetation cover 
stabilized the unconsolidated dr i f t slopes. Since then peat 
has developed over impervious deposits, particularly the clay 
drifts, and thin soils have formed over exposed bedrock. 
Weathering o f bedrock crystalline marble takes place both 
at the surface, by processes of subaerial erosion, and below 
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^: example. This gradient would theoretically give a high enough tem-
perature to allow for the formation of the wollastonite rock of the Cow 
Green area, upper Teesdale. 
The development of abundant soda feldspar in shales near the 
whin contact implies addition of alkalies to the country rocks. The 
phenomena of soda metasomatism is well known at basic igneous rock 
contacts. Hutchtngs's work (1895; 1898) contains numerous alkali 
determinations and shows that many of the altered sediments display 
an undoubted increase in soda, at the whin contact, which in a number of 
cases exceeds the potassium content. The soda (Na20) content of some 
rocks reaches 6-7%. Hutchings's work showed that the metasomatism 
was an erratic feature, however, with some altered beds near the whin 
showing no increase in soda. Wager (1928) suggested that the-soda was 
derived from late stage alkaline carbonate solutions, produced by altera-
tion of early joints in the whin by late stage magmatic waters. This 
alteration probably occurred soon after solidification of the magma, the 
temperatures at this time, over most of the aureole, although falling, 
would most likely be high enough to allow growth of albite in which the 
majority of the soda is found. 
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developed and occurs at great distances from the contact as in the Rook-
hope borehole. Normally these spots consist of chlorite with minor 
quartz and illite. Dunham (1948) recorded andalusite from clear spots 
in some shales. The metamorphism has not resulted in any large scale 
generation of muscovite, but has been limited to a simple recrystal-
lization of the clay minerals to give a sericitic material, with a loss of 
organic material. Some of the shales near the contact have been con-
verted into adinole-like rocks consisting of crypocrystalline mixtures of 
quartz and soda feldspar. This development of feldspar, seen in many 
instances, is suggestive of the addition of alkalies to the rock. Calcareous 
shales develop similar minerals as in the impure limestones, the most 
common being garnet, epidote, idocrase and feldspar. A borehole core 
often shows well-developed euhedral garnets in lens-like bodies within 
the calcareous shale. In thin section the garnets show weak birefringence 
and are twinned with the development of sector twins composed of six or 
twelve pyramids with vertices meeting in the centre of the crystal. The 
calcareous shales may show a banded hornsfelsic structure with lenses 
of red feldspathic material, white fine-grained garnet (hydrogrossular?) 
with darker lenses of epidote. Thin sections show smaller concentrations 
of woUastonite, diopside and abundant calcite. 
Pure sandstones at the contact, are converted into white quartzite. 
Impure shaly sandstones show similar alteration patterns to shales and 
limy sandstones to impure limestones; these rocks have been discussed 
previously. 
Metamorphic fades. The whin sill intrusion was not of sufficient size 
to allow a well-defined series of metamorphic mineral assemblages to be 
developed and definite zones of different homsfels facies cannot be 
delimited in the area, but from the mineral assemblages present, it is 
possible to draw some conclusions about the metamorphic facies. Wol-
lastonite is one of the highest temperature minerals seen in the whin 
aureole. At low pressures it forms only in the highest part of the hom-
blende-hornsfels facies, but is more usually characteristic of the potassium 
feldspar-cordierite-hornsfels facies (Winkler, 1967). The presence of a 
wollastonite rock over 25 ft. (7-6 m.) from the contact suggests that the 
potassium feldspar-cordierite facies was established for a time close to the 
contact. The presence of idocrase also points to this facies, but is mainly 
recorded from a limestone raft within the whin. Abundant evidence 
showing that the hornblende-hornsfels facies was well developed is 
indicated by the presence of garnet, diopside, plagioclase and andalusite. 
The low temperature albite-epidote-hornsfels facies is also well exhibited, 
generally at greater distances from the contact, with epidote, albite, 
chlorite and sericite as the main minerals. Using Jaeger's (1964) formula, 
theoretical values for the heat-flow through the country rocks have been 
calculated to give estimates of the temperatures reached in the metamorphic 
aureole. The temperature at any point will, of course, vary with time 
after the intrusion, but a maximum temperature curye after 25 years would 
give a contact temperature in the region of 720 °C with a decrease, away 
from the contact, at approximately 5°C/ft. (I7°C/m.). An increase or 
decrease of the time interval after the intrusion will cause the temperature 
gradient to become respectively shallower or steeper, relative to the above 
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cuts through and alters many beds of limestone no evidence of assimi-
. lation or reaction, between the magma and carbonate rocks, to form 
hybrid feldspathoidal and melilitic rocks has been recorded. However, 
it is interesting to note that where a thin leaf of whin sill is in contact 
with calcareous beds, as in the Rookhope and Woodland boreholes, 
there has been a local development of White Whin at both contacts 
(Dunham and Kaye, 1965; Harrison, 1968). 
Impure limestones show the highest degree of alteration when found 
adjacent to the whin siU. They are converted into calc-silicate rocks 
yielding a wide variety of minerals. One of the simplest impurities is 
quartz, as developed at limestone sandstone junctions. In the Cow Green 
reservoir boreholes a wollastonite rock has been found, over a restricted 
area, at the junction between the Lower Robinson Limestone and the 
underlying sandstone. The rock is between 3 to 18 ins. (80 to 460 mm.) 
in thickness and shows white radiating crystals of woUastonite with only 
minor amounts of calcite and diopside. Hutchings (1898) recorded 
wollastonite from a limestone at Dunstanburgh, but it is of infrequent < 
occurrence. The development of a wollastonite rock up to 27 ft . (8-2 m.) 
from the whin sill contact is unusual as the assemblage quartz-calcite is 
stable up to quite high temperatures. Although the relevant reaction is 
bivariant and should not be used as a temperature indicator, Winkler 
(1967) states that wollastonite is not found where maximum temperatures 
have been below 500°C. Considering the shallow nature of the intrusion, 
giving a pressure in the region of 350 to 400 bars and a high value for the 
mole fraction of C O 2 , the presence of wollastonite suggests that temperat-
ures in the region of 550°C were attained in this position. Impure 
limestones containing clay minerals as well as quartz allow sufficient 
alumina, magnesia, iron and alkalies for the development of an extensive 
range of minerals. These include garnet, feldspar, chlorite, epidote, 
idocrase and diopside. Garnet is the most abundant along with chlorite. 
Hutchings records that the garnets are small and vary in colour from 
neutral to yellow and green. The present survey by the author confirms 
the widespread occurrence of garnets which are often euhedral and zoned 
with isotropic cores and slightly anisotropic rims. Feldspar has also 
been previously noted and similar identifications have been made on 
borehole material where it occurs in much greater abundance as quartzo-
feldspathic lenses within the limestone. Hutchings recorded augite 
as occurring with garnet, but present work only shows diopside with 
wollastonite in small amounts. Idocrase has not been found in Teesdale, 
but Randall (1959) records idocrase in abundance with garnet from a 
raft within the whin sill, at Barrasford. The idocrase occurs in both 
euhedral and anhedral grains showing some low interference colours and 
in other grains anomalous blues. Other minerals noted by Hutchings 
are only of rare occurrence and include amphibole and sphene. 
The alteration products of shales adjacent to the whin sill vary 
greatly, mainly dependent on the distance from the whin sill contact. 
The normal Carboniferous shales are usually dark coloured and well 
bedded, and under maximum alteration are converted into smooth, much 
lighter coloured, hard porcellaneous rocks in which the bedding is lost; 
they are often known as whetstones. Spotting of the shales is well 
120 GEOLOGY OF DURHAM 
effect is even wider in the shales. In the Rookhope borehole (Dunham 
et al., 1965) the mctamorphic effect could be traced to almost 130 ft. 
(39-6 m.) above and below the contacts on the basis of spotting in the 
shales. Where the whin is thinner, as along the Pennine escarpment, the 
metamorphism is very restricted and generally only affects the beds close 
to the contact. 
In the Cow Green, Cronkley and Widdybank Fell areas of upper 
Teesdale the whin sill is found in the Lower Limestone Group, the position 
being 90.ft. (27-4 m.) below the top of the Melmerby Scar Limestone. 
To the north, the whin trangresses into the Middle Limestone Group in 
the Moor House National Nature Reserve (Johnson and Dunham, 1963). 
The whin sill proved in boreholes in Durham county shows it to be 
intruded into the Middle Limestone Group (text-fig. 18). At Rookhope 
it is found between the Lower Little and Jew limestones while in the 
Roddymoor boring at Crook it is intruded into the Scar Limestone. 
The Woodland borehole (Mills et al, 1968) proved the Great Whin Sill 
just below the upper part of the Three Yard Limestone. In the Harton 
borehole, near South Shields, the whin sill is found to consist of three 
leaves, the upper and lower leaves are the thickest and are found at the 
base of the Great Limestone and above the Robinson Limestone res-
pectively. 
Mineralogy of contact rocks. The effect of the whin sill on pure lime-
stone is liniited to a simple recrystallization. The degree of recrystalliza-
tion is dependent on organic content of the limestone and this depends 
largely on the stratigraphical horizon at which the whin sill is intruded. 
. Where the whin sill is intruded into the pure limestones of the Lower 
Limestone Group there has been extensive recrystallization producing 
marmorization of the Melmerby Scar Limestone for about 70-90 ft. 
(21 •3-27-4 m.) from the contact. The production of this extensive sac-
charoidal marble, or sugar limestone, as it is known to biologists, is 
almost unique and wide areas of sugar limestone soils have been pro-
duced on Cronkley and Widdybank fells in upper Teesdale. A small 
thickness of Melmerby Scar Limestone, underlying the whin sill, has also 
been marmorized, as seen at Caldron Snout and Falcon Clints. The 
marmorized limestone consists of dodecahedral to rounded grains of 
calcite varying in average grain size from 0-05 mm. at 60 ft. (18-3 m.) from 
the contact to 0-5 mm. at the contact. Over most of Durham the whin 
sill is intruded into the Middle Limestone Group and, although at least one 
less-pure blue-grey limestone is found within 50 ft. (15-2 m.) of the contacts, 
saccharoidal limestone is rarely developed. Normally there has been 
limited recrystallization with the elimination of carbon to grain boundaries. 
There is a basic difference between the limestones of the Middle and Lower 
Groups as recognized by Johnson and Dunham (1963). The Lower 
Limestone Group consists of light grey limestones while the Middle 
Group consists of blue-grey limestones which contain quantities of 
organic matter, occurring as a dark pigment. It seems, therefore, that 
the organic matter plays the dominant role in the suppression, of mar-
morization. Randall (1959) has recorded a related feature in saccharoidal 
limestone, from Barrasford, Northumberland, where the grain size is 
related to the carbon content of the limestone. Ahhough the whin sill 
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M E T A M O R P H I C E F F E C T S O F T H E W E A R D A L E G R A N I T E 
The western half of Durham county is underlain by the major in-
• trusive.Weardale granite (text-fig. 2) which has been described in chapter 
9 . This granite was intruded at a temperature sufficient to alter the 
country rocks by contact metamorphism. A wide envelope of these 
metamorphic rocks must surround the granite, but they are only known 
from two places. Woolacott (1923) described metamorphosed Lower 
Palaeozoic slates beneath the Carboniferous sediments at the bottom of 
the Roddymoor boring at Crook. These slates were reported to be schis-
tose, contorted, cleaved and folded with quartz veins and garnetiferoiis 
bands. The site of the boring is approximately one mile (1-6 km.) from 
the estimated margin of the granite. The slates outcrop in the Teesdale 
inlier where they have been shown, by the presence of rare graptolites, to 
belong to the upper part of the Skiddaw Slate Series (page 21). The 
inlier is four miles (6-4 km.) from the estimated margin of the Rookhope 
cupola and is underlain at depth by granite. Here, thin sections show the 
slate to be distinctly spotted with incipient hornsfelsing. Exposures of 
Skiddaw slate, beneath the Carboniferous, in the Cross Fell inlier, 
although phyllitic and recrystallized, show no signs of alteration 
attributable to the Weardale granite and these exposures must lie outside 
. the metamorphic aureole of the granite. The smaller Skiddaw granite 
at the north-eastern comer of the Lake District (Eastwood et al, 1968) 
is also intruded mto Skiddaw slates; spotting and the development of 
garnet is found only in the outer zone of the metamorphic aureole. 
Comparison with this granite suggests that the metamorphic rocks 
seen around the Weardale granite constitute the outermost part of the 
aureole. 
M E T A M O R P H I C E F F E C T S O F T H E W H I N S I L L 
In the early part of the last century, when there was doubt over the 
origin of the whin sill, Sedgwick (1827) used the evidence of the meta-
morphic alteration of the county rock, both above and below the sill, as 
proving that the whin was in fact of igneous origin and intrusive in 
nature. Although the metamorphism had been mentioned by several 
authors, their descriptions only mention the induration of shales and 
sandstones with the development of porcellanite, and limestones rendered . 
crystalline or granular in form. Sedgwick noted the presence of garnets 
in an impure limestone, but Hutchings (1895, 1898) made the first and 
only detailed examination of whin metamorphism; previous work was 
reviewed by Dunham (1948). The metamorphism is relatively restricted 
and the maximum effect is seen where the whin sill reaches its greatest 
thickness of 240 ft. (73-2 m.) in upper Teesdale. Here, limestones are 
altered for over 100 ft. (30-4 m.) from the contact and the metamorphic 
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Abstract. In Upper Tecsdalo, N'orthern England, some limestones have been metamorphosed 
to a saccharoidal marble near to the contacts with the Whin Sill. This marble ia virtually 
restricted to Upper Tcesdalo although the Whin Sill is found, intruded into the Carboniforous 
sequence, over most of Northern England. 
Petrographical and geochemical studies have shown that the marmorisation of the limestones 
is mainly dependent upon their non-carbonate carbon content and also the distance from the 
Whin Sill contact. Analyses show that only small amounts of carbon (0.5-1.0%) are required 
to inhibit recrystallization in the limestones. ^ 
Introduction ' ; • • 
The Whin Sill of Northern England is a quartz-dolerite intrusive complex, inter-
mediate in composition between the tholeiitic and alkaline basalt series (Dunham, 
1970). I t intrudes Carboniferous strata ranging from the Lower Limestone Group 
(Vis6an) to the Coal Measures (Westphalian) but is found mainly in the Middle 
Limestone Group (Upper Vis6an) throughout Durham and Northumberland 
(Fig. 1). The stratigraphical terms used in this communication are based upon 
local usage, wliicH are related to the general nomenclature below: 
Tah\e. Stratigraphical Nomenclature in Go. Durhavi • 
Upper Limestone Group Namurian 
Middle Liniestone Group 
-Lower Limestone Group 
Vis6an 
K-Ar age determinations, on the Whin Sill, suggest a late Coal Measures age 
of 29.5±6m.y. (Fitch and Miller, 1967). The strata afJjacent to the upper and 
lower contacts of the sill have been metamorphosed and this note is concerned 
with those contact mctamorphic effects seen in the hmcstones within 31 ra of 
the contact. 
-The Whin Sill is at its lowest stratigraphical position and attains its maximum 
thickness, of more than 73.1 m in the Cow Green area of Upper Teesdale (Fig. 1). 
Here i t iiitrutlcs the Melmeib^' Scar Limestone (Lower Limestone Group) and 
away from tliis region the Sill gradually rises in the succession becoming generally 
thinner in a|l directions (K. C. Dunham, 194S; A. C. Dunham, 1970). The maxi-
mum motamorphie effect is also seen in Upper Tecsdale, with the development 
of wollastoiiitc in apijicciahlo quantities. Evidence of metamoiphism based on 
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•Fig. 1. Map showing location and geological setting of the Teesdale area, Northern England 
spotting in the shales can be seen at over 36 m from the contact. A recent general 
account of the metamorphism has been published by the writer (Robinson, 1970). 
One of the main features of Upper Teesdale geology is the extensive occurrence 
of saccharoidal marble produced by the metamorphism of the Melmerby Scar 
Limestone. These marbles consist of rounded grains of pure white calcite, wliich 
decrease in size away from the contact. Grain-size measurements undertaken on 
samples from a borehole show a range of grain-size from 0.5 mm at the contact 
to 0.05 mm at a distance of 18.3 m. The marmorLsation of the original limestone 
to a saccharoidal marble has resulted in the obliteration of all the sedimentary 
features, including the bedding. In order to explain the development of this 
rather unique marble i t is neces.sary to consider first the sedimentary characteristics 
of the limestones. 
Limestones Prior to Mctamorphisni 
Two distinct types of limestone have been recognised in the Northern Pennine 
region by Johnson and Dunham (196.3). Light-coloured limestones are dominant 
in the Lower Limestone Group, while those of the Middle and Upper Limestone 
Groups arc chiefly dark in colour. Johnson and Dunham attributed the difference 
in colour to the presence' of organic: and terrigenous impurities in the dark limes-
tones. Jones and Cooper (1970) have shown that the carbonaceous material of 
.Carboniferous argillaceous sediments in Northern England has components 
similar to tliose of coal. This material consists of fusinite and spores, with a dis-
seminated, amorplious, organic phase (kerogcn) also present. This is the car-
bonaceous material believed to bo present in varying quantities in most of the 
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limestones. Johnson (1962) has shown the type of limestone present in the North-
ern Pennines depends basically upon the depositional environment. The hmestones 
of the Lower Limestone Group of Teesdale were laid down as an open-sea marine 
facies with dominant, massive, light-coloured limestones. When traced north 
into the Northumberland trough (a deltaic environment) the limestones bifurcate 
and become dark grey in colour. The overlying Middle and Upper Limestone 
Groups, with dominantly dark limestones, were also deposited in a deltaic 
environment. This scheme is generaUzed since lenses of dark Hmestone do occur 
in light Umestones and vice versa. 
Petrographic examination of the hght-eoloured limestones shows them to be 
bioclastic and of fine to medium grain-size. Evidence of recrystalhzation is often 
present in the groundmass, which is for the main part fine grained and buff 
coloured. The dark Umestones are also bioelastic with a fine-grained groundmass 
of calcite. Where the groundmass in these dark limestones is very fine grained, 
the rock has a dark, earthy-brown colour. However, where the ealcite becomes 
coarser a definite rim of dark brown, carbonaceous material can be seen around 
the calcite grain boundaries. 
Saccharoidal Development in Contact Zones 
The development, near to the Whin SiU contacts, of saccharoidal marble, is 
mainly dependent upon the stratigraphical horizon at which the sill is intruded 
(Robinson, 1970). In Upper Teesdale the Whin Sill intrudes the Lower Limestone 
- Group, but over most of its outcrop and known subsurface position i t is found 
. in the Middle Limestone Group. The combination in Upper Teesdale of the thick 
(33 m), light-coloured, Melmerby Sear Limestone and one of the thickest sections 
of the Whin SiU accounts for the maximum development of over 25 m of sae-
charoidal marble.in this area. Over most of the areal extent of the sUl, only dark 
limestones are present in the succession and even through a dark limestone 
horizon is never more than 15.2 m from a contact, saecharoidal development is 
virtually absent. 
• The difference in metamorphism between the two types of limestone can be 
demonstrated where both varieties occur in the same contact zone. Dunham 
(1948, p. 56) gave details of the Ettersgill borehole (ET/16) in wliich the sill was 
found to be over 67.1 m in thickness. In tliis section the Single Post Limestone, 
a light limestone within the Middle Limestone Group, is completely marmorised 
at a distance of 5.5 m from the contact, whereas the dark Cockle Shell Limestone 
is unaltered only 11 m from the contact. A similar feature is shown in Fig. 2 which 
displays the succession recorded in borehole 40 in the Cow Green area. In this 
, • section the Ujiper Robinson and a lens of the Peghorn Limestone are dark limes-
' tones wthin the Lower Limestone Group. These two dark limestones are non-
saeeharoidal and vntually unreerystalUzed whereas medium grained saecharoidal 
marble, developed f l ora light coloured limestones, is present both above and below. 
The variation in crystallinity in the limestones is especially evident in the case 
of the dark lens in the Peghorn Lunestone, where the junction between dark and 
saccharoidal limestone is sharp at both upper and lower contacts. 
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27 307 Dark grey 0-40 2193 
22 2546 Blue grey o-^ e 1801 
21 ' 24-46 Saccharoidal 026 741 
20 23 01 Saccharoidal 0-19 474 
1? 2278 Light grey 0-53 2257 
ta 20-57 Saccharoidal 032 581 
13 11-08 Dark grey 0;91. 2302 
Fig. 2. Simplified log of 
boiohole 40 in the Cow 
Green ;irea, sliowing location 
and nature of samples with 
analj-tical data for carbon 
and strontium. C determined 
by the absorption train 
method and Sr by X-ray 
fluorescence analysis 
10 8-S4 Sacchatoidal 0-36 • 800 
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3 ; 1-63 Sacch^roidal 0-19 729 
3 00 - Saecharoida! — 
•- 0-oe' ' 728 : - . ' y 
Geochemistry of Limestones 
Thc; results of non-carbonate carbon and strontium determinations of limestone 
sa-mples, f torn the borehole are given in Fig. 2. The carbon data show a defuiite 
cpr^elation between the amount of carbon present and the type of limestone 
analysed., The dark limestones have a relatively high content of carbon, almost 
-1.0i%. ill. two of the samples and always greater than 0.5%. The light limestones 
always have low carbon belov/ 0.4% witli an average in the range 0.2-25%. The 
• difforcnce. in amount of carbon between the. two types of limestone is not great 
bu|i petjcographie examination of dark limestones reveals that thc carbonaceous 
. rn.aterial i.s. very finely disseminated. Thc strontium values arc of great interest 
.a^ it, is; well known that strontium, is readily released from thc crystal lattice of 
ealc t^e, upon recrystaliization, oven during diagenesis (Kulp etal., 1952). Stron-
tium values from Fig. 2 show that in sacc]?aroidal marble, values of less than 
800 ppm are normal. I.'hc dark limestones, however, have signifioantly higher 
values of strontium with oyer 2000 ppm of .strontium normal with a maximum 
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of 2291 ppm. Samples 18, 19 and 20 (Fig. 2) show the difference in strontium 
values, between the two types of limestone. Sample 19, a dark limestone, has over 
2200 ppm of strontium while saccharoidal limestones above and below, samples 
18 and 20, have strontium values below 600ppm. The values of strontium in 
limestones not under the influence of the Whin Sill have also been determined by 
the author. Values for dark limestones simila.r to the Peghorn Limestone arc in 
the. range 2000-2500 ppm; while sam[)lcs of light Limestones give values in the 
region of 1200 ppm. The difference in strontium values between the t\TO types of 
hraestone is most likely due to some loss of strontium from the light Umestones 
during diagcnesis. Depletion of strontiiun in limestone may also occur in wall-
rocks adjacent to mineralization in the Northern Pennines as shown by Ineson 
(1969). The samples from borehole 40 are not affected by this depletion as no 
sign of vein mineraUzation was present aiid the site was over 61 m from the 
nearest vein. This places the borehole well outside the vein dispersion aureoles, 
which as Ineson showed vary from cms to a maximum of 9 ra. Examination of 
many Umestone samples has shown that there is a complete gradation between 
the high carbon, unrecrystalUzed limestones and the totally recrystallized, 
saccharoidal marbles. 
X-ray diffraction analysis of the dark limestones from the borehole shows tliat 
they are quite pure with no detectable quartz or clay minerals. The samples were 
. also digested in dilute acetic acid but only small quantities of clay minerals could 
. ] be detected in the residues along with carbon and some sulphides. 
Discussion 
•"^Recently Suess (1970) has shown that organic carbon, dissolved in sea-water is 
-. readily adsorbed by calcite. -He also showed that even a monomoleeular layer of 
. carbon can produce physical isolation of a calcite surface area and can completely 
inhibit carbonate equiUbria with the surrounding sea-water. I t is most probable 
that the carbon is chemi-adsorbed onto the calcium cation sites on the sm-face of 
the calcite grains. The amount of carbon required to form a monomolecular 
. . layer is small. Suess showed that for powdered calcite <43 (z in size and ^,«th a 
surface area of 0.714 m per g, 0.1-1.5 mg carbon per m is sufficient for a mono-
niolecular layer. Grain size in a limestone is, of course, very variable but the 
calcite matrix is <0.01 cm so that sufficient carbon is present, according to the 
analyses, to provide more than a molecular layer on grains. 
Spry (1969) has shown that there are three main "driving" forces for the 
gi'owth of crystals, chemical, lattice strain and grain boundary energy. Heat is 
.. the activating mechanism for either one or a combination of the above forces. 
Chemical energy is not relevant in this case as no new phase is develojjed, just a 
simple reciystallization of the original caleite. In a contact environment such as 
that nnder consideration, where there has been the very minimum of deformation, 
the mam rccrystallization force must therefore be dominantly grain boundary 
energy. According to Spry (!9C9) tliis is the smallest energy available for reerystal-
liKatioii, and a mantle of carbon aroui\d the ealcito grains, as demonstrated here, 
is quite sufficient to hiMbit grain boundary movement of material thus preventing 
any lecrystalhzatioii. 
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Conclusions . 
The development of saccharoidal marble in Northern England is shown to be 
virtually restricted to Upper Teesdale, where it is formed by contact metamor-
phism of the light-coloured limestones of the Carboniferous Lower Limestone 
Group. 
The light-coloured limestones, with low carbon content (<0.4%), are readily 
recrystalUzed to coarse (0.5 mm) saccharoidal marble at the contact with the Whin 
Sill, \vith a decrease in grain-size away from the contact. Dm-ing the metamorphic 
reerystalHzation, strontium has been depleted in the hght limestones. The dark 
limestones, with relatively high carbon content (0.5-1.0%) are not reerystallized 
during the metamorphism. This is because grain boundary movement is prevented 
by a mantle of carbon around the caleite grains. No strontium is lost from the 
dark limestones values for unmetamorphosed examples being compatible with 
those for dark limestones near to the Whin Sill. 
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